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Hydrogen is believed to be critical for the energy and environmental sustainability. Hydrogen is a clean 
energy carrier which can be used for transportation and stationary power generation. However, 
hydrogen is not readily available in sufficient quantities and the production cost is still high for 
transportation purpose. The technical challenges to achieve a stable hydrogen economy include 
improving process efficiencies, lowering the cost of production and harnessing renewable sources for 
hydrogen production. Lignocellulosic biomass is one of the most abundant forms of renewable resource 
available. Currently there are not many commercial technologies able to produce hydrogen from 
biomass. This review focuses on the available technologies and recent developments in biomass 
conversion to hydrogen. Hydrogen production from biomass is discussed as a two stage process — in the 


first stage raw biomass is converted to hydrogen substrate in either gas, liquid or solid phase. In the 
second stage these substrates are catalytically converted to hydrogen. 


© 2009 Elsevier Ltd. All rights reserved. 
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1. Introduction 


The inter-related problems of energy and environment are 
among the biggest challenges facing the world today, in particular 
energy sustainability and carbon emissions from the fossil fuels. 
Hydrogen has been projected as one of the few long-term 
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sustainable clean energy carriers, emitting only water vapour as 
a by-product during the combustion or oxidation process. 
Although it is possible to use hydrogen as a fuel in internal 
combustion engines (ICE), its use in fuel cells, which act like 
batteries to convert chemical energy to produce electricity, is more 
attractive because of its higher efficiency [1]. The United States 
Department of Energy (DOE) launched an Energy Hydrogen 
Program in 2003 bringing together the offices of Energy Efficiency 
and Renewable Energy (EERE), Fossil Energy (FE), Nuclear Energy 
(NE), and Science (SC). Each office manages activities that address 
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the hydrogen technologies which meet the needs of their 
respective feedstock and target applications. The Hydrogen 
Posture Plan, published by EERE in February 2004, envisaged a 
complete transition to a hydrogen economy by 2030-2040 [2]. It 
identifies various resources which can be utilised to produce 
hydrogen, including both renewable and non-renewable 
resources. An established technology, such as, steam reforming 
of methane or natural gas would be most likely adopted initially, 
because of its wide use and economic feasibility [3]. In the long 
term, the technology will evolve towards more renewable 
resources such as biomass or water electrolysis, greatly reducing 
NO, and CO, emissions. 

There are several established and developing technologies to 
produce hydrogen from various sources. These technologies can be 
characterised in three categories, whereby hydrogen is produced 
with - (a) net positive emission of CO and CO», (b) CO, free 
emissions, and (c) COz neutral emissions. Examples of type (a) 
include steam reforming, partial oxidation and autothermal 
reforming of hydrocarbons such as natural gas [4], as well as 
the shift reaction of gaseous products of coal gasification [5]. CO2 
free hydrogen production can be achieved through methane 
decomposition [6,7] and methane aromatisation [8,9]. However, 
hydrogen production can be environmentally friendly only if the 
resource used to extract hydrogen is carbon neutral. Resources like 
natural gas and coal require a lot of energy for mining and 
processing, adding to the CO z emissions during hydrogen 
production, thus increasing the environmental impact of hydrogen 
production from these sources. CO, neutral hydrogen production 
can be achieved by the conversion of biomass via gasification [10], 
pyrolysis of bio-oils [11], steam reforming of biomass derived 
higher alkanes and alcohols [4], and aqueous phase reforming of 
oxygenated hydrocarbons [12]. Biomass derived hydrogen can be 
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classified as carbon neutral because the CO% released during 
hydrogen production is consumed by further biomass generation 
(neglecting the CO2 produced from the fossil fuel energy required 
for operating the hydrogen production unit) [13]. In this manu- 
script we review the recent developments in the catalytic 
processes involved in hydrogen production from biomass, with 
particular attention given to the advances in the understanding of 
improvements in the catalyst properties. 

Before the advent of the fossil fuel based economy in the 19th 
century, biomass was the major source of energy. However, the 
energy efficiency in the conversion of biomass was very low. 
Therefore, fossil fuel energy proved to be a more economical 
alternative for the developing society. With increasing industria- 
lisation worldwide, energy demands have increased to a stage 
where fossil fuel energy will not be able to meet the sustained 
growth of the world economies in the near future. As a result, a 
major shift back towards a biomass based economy is required 
because biomass is one of the few current sustainable resources of 
renewable energy [14,15]. According to government estimates [16] 
of the current excess biomass resources (not including edible 
biomass) in the U.S., more than 50% of the domestic crude oil 
demands [17] can be met by biomass resources, based on the 
energy content of the dry lignocellulosic biomass [15]. The 
availability of excess biomass varies in other countries but is 
available in sufficient quantities in the major oil consuming 
countries to be economically viable for energy production. 
Therefore, this biomass based energy can be utilised to replace a 
major source of CO, emissions. Processes with high biomass-to- 
energy conversion efficiency are required to make this transition a 
reality and currently there are no obvious routes to achieve this. 
The leading research in this field is covered in this review with a 
focus on hydrogen production. 


Utilisation Energy 


Fig. 1. Hydrogen and liquid fuels production from biomass sources. The waste CO2, H20, and energy produced from these fuels can be utilised to produce further biomass. 


Adapted from Ref. [20]. 
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2. Lignocellulosic biomass conversion 


Lignocellulosic biomass (plant biomass) conversion can be 
achieved from various resources, including 


1. Forestry wastes such as logging wastes, sawmill wood waste, 
and residues of the trees and shrubs. 

2. Agricultural residues like animal and crop wastes (e.g. corn 
stover). 

3. Energy crops like corn, sugarcane, grasses and aquatic plants like 
water hyacinth. 


Residues of energy crops like corn stover and sugarcane or 
sorghum bagasse have high energy content per unit mass [18] and 
are therefore attractive for biomass conversion. Forestry residues 
of pine and eucalyptus have lesser heating value per unit mass and 
are costly to produce [18], but contain less ash content [19]. 
Lignocellulosic biomass, which represents the most abundant form 
of biomass, contains approximately 40-50% cellulose, 20-30% 
hemicellulose and 0-20% lignin [19]. 

Fig. 1 [20] illustrates the different routes which can be 
adopted to produce hydrogen from biomass, including gasifica- 
tion to produce syn-gas (Section 2.1), pyrolysis to produce bio- 
oils (Section 2.3) and hydrolysis of cellulose to produce sugar 
monomers (Section 2.5). Syn-gas can be converted to hydrogen 
by water gas shift (WGS) reaction (Section 2.2); however, any 
remaining CO must be removed from the gas stream. This can be 
achieved by preferential oxidation of CO. Pyrolysis bio-oil can be 
converted to liquid fuel but the processes are complex and the 
conversion is low. Hydrogen can be produced from the bio-oil by 
autothermal reforming (Section 2.4) with high conversion 
efficiency, especially with the use of catalytic membrane 
reactors. Aqueous phase reforming can be used to convert 
sugars and sugar alcohols, such as sorbitol, to produce hydrogen 
(Section 2.6). In addition to these, there are other biological 
(enzymatic and bacterial) routes to produce hydrogen, but the 
scope of this review is restricted to the heterogeneous catalytic 
routes only. 

Hydrogen produced from biomass can be used as fuel in 
polymer electrolyte membrane (PEM) fuel cells to produce 
electricity for transportation purposes. In the short to medium 
term, this hydrogen can also be used for traditional purposes to 
minimise the environmental effects of the hydrogen derived from 
fossil fuels. Currently, industries produce approximately 
50 M tonnes/year of hydrogen globally for ammonia synthesis, 
hydrogenation of crude oil to produce petrol and diesel and to 
hydrogenate edible oil. The benefits of a true hydrogen economy 
can only be achieved if the hydrogen is derived from renewable 
and carbon neutral resources like biomass [12]. 


Table 1 


2.1. Biomass gasification to produce syn-gas 


Biomass gasification is similar to coal gasification, except that 
the biomass gasification is conducted at a much lower tempera- 
ture. This is because biomass contains many more functionalities 
than coal and is therefore very reactive. Gasification is achieved at 
temperatures in excess of 700 °C in the presence of oxygen/air and/ 
or steam, however tar free gasification requires much higher 
temperatures. Syn-gas (CO2, CO, H2) is produced when oxygen is 
used for the gasification as opposed to a producer gas (COz, CO, H2, 
CHg, N2), in which case air is used for gasification. A combination of 
pyrolysis, partial oxidation and/or steam reforming of gaseous 
alkanes and char takes place under these conditions. Table 1 shows 
representative reactions which take place during gasification 
[15,21]. The presence of oxygen or air in the gasification equipment 
promotes partial oxidation over pyrolysis reactions. Although it is 
possible to obtain some gaseous products, as seen from Table 1, 
fast pyrolysis reactions generally produce bio-oils, tar and 
charcoal. Water gas shift reaction can be conducted in a separate 
reactor in the presence of CuO-ZnO or Fe catalyst depending upon 
the reaction temperatures (details of WGS in Section 2.2). 

Catalytic cracking, gasifier type, design, heating rate, tempera- 
ture and residence time can be optimised to maximise the efficiency 
of gasification with minimum tar formation. Tars are aromatic 
hydrocarbons which can be produced from the condensation of 
organic matter in the gasifier or further downstream [22], but it is 
generally formed in the gasifier at low operating temperatures. 
Thermal cracking of the tar is possible at temperature in excess of 
1000 °C [22] and by using catalytic additives like dolomite, olivine 
and char [23], with 100% removal of tar reported by using dolomite 
as the gasifying agent [24]. Moreover, dolomite and CeO /SiO 
supported Ni, Pt, Pd, Ru and alkaline metal oxides can be used to 
catalyse the gasification process to reduce tar formation and 
improve the product gas purity and conversion efficiency [25-27]. 
Although Rh/CeO2/SiO2 has been reported to be the most effective 
catalyst to reduce tar formation [26], Ni based catalysts are also 
highly active for tar destruction. Since Ni based catalysts are 
industrially used for steam reforming of methane and naphtha 
[28,29], they are also expected to catalyse the steam reforming of 
tars as well as WGS reaction to produce H>. While alkali metal salts 
also decrease the tar yield, their use leads to an increase in char 
[27,30] and ash content, and are therefore not suitable for 
commercial use [31]. The inorganic contents of the biomass such 
as sodium, potassium, calcium and other alkali are converted to ash 
which is collected at the bottom of the gasifier or carried away with 
the product gas as fly ash [15,32]. Deposition of ash in the gasifier 
may cause sintering, fouling, agglomeration and slagging [33]. 

Recent improvements in the gasification technology include the 
Hydrogen Production by Reaction Integrated Novel Gasification 


Gasification reactions and enthalpies of selected C6 compound reactions. Adapted from Refs. [15,21]. 


Reaction type Reaction equation 


Enthalpy (kJ/gmol) at ref. temperature 27°C and x=6 


Pyrolysis CxHy0z — (1 — x)CO + (y/2)H2 +C 

C,HyOz > (1 — x)CO + ((y — 4)/2)H2z + CH4 
Partial oxidation CxHy0Oz + (1/2)O2 — xCO + (y/2)H2 

C,HyOz + O2 — (1 — x)CO + CO2 + (y/2)H2 

C,HyOz + 202 — (x/2)CO + (x/2)CO2 + (y/2)H2 
Steam reforming C,HyOz + H20 — xCO + yH 

C,HyOz + nH20 — aCO + (x — a)CO2 + yH2 

C,HyOz + (2x — z)H20 — xCO2 + (2n + (y/2) — z)H2 
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Fig. 2. Reaction mechanism in HyPr-RING gasification process. Adapted from Ref. 
[38]. 


(HyPr-RING) technology, first proposed by Lin et al. [5,34-38]. In 
this technology, the gasification and water gas shift reaction is 
combined in one reactor with simultaneous absorption of CO2 and 
other pollutants to increase the hydrogen yield, while maintaining 
a relatively low reaction temperature of 650 °C. The reactions take 
place in a two-step process (Fig. 2) where in the first process water 
reacts with the hydrocarbon to produce Hz and CO, (endothermic 
reaction). H2 can then be used to generate power which produces 
water as the by-product. In the second step CO, is absorbed by 
Ca(OH)2, which is in turn produced at high pressure by the 
hydration of CaO by water. The resultant CaCO3 can be separated 
and regenerated to produce CaO and release pure CO, for 
sequestration. Although this technology was initially designed 
for coal gasification, we believe that important lessons learned 
from this technology can be applied to great effect in biomass 
gasification. With the high water content of the biomass, the 
gasification can proceed with little or no additional water supplied 
for the reaction. 

One of the latest developments in gasification technology, 
called the Carbo-V process, has come from the CHOREN 
Technologies GmbH, formally called the Umwelt- und Energie- 
technik (UET) in Freiberg, Germany [39,40]. The main aim of this 
process is to produce tar free syn-gas for hydrogen or liquid fuel 
production. This process takes place in two steps. In the first step 
biomass is converted to tar containing gas and charcoal in a 
pyrolysis unit which operates at 500 °C. The tar containing gas is 
combusted in a high temperature gasifier by co-feeding oxygen. 
Here, the charcoal from the first reactor is completely gasified to 
syn-gas at 1500 °C in an entrained flow gasifier. The remaining ash 
is converted to slag which can be used as construction material 
because of its granular form. The advantages of Carbo-V process 
over the normal gasifier is that it increases efficiency (>80%) via - 
(1) chemical quenching by blowing charcoal into the hot gas, and 
(2) decreasing the heat losses in the combustion chamber because 
of indirect cooling. The low temperature pyrolysis reactor 
increases the feedstock flexibility as the solid feed is converted 
to combustible gas and charcoal. 

A similar two-step process, called BIOLIQ, was developed at the 
Forschungszentrum Karlsruhe, Germany [41,42]. In this process, 
lignocellulosic biomass such as straw and other non-woody 
biomass is first liquefied by fast pyrolysis at many local small 
plants. The resulting bio-oil and char slurry is transported to a 
central facility where large pressurised entrained flow gasifiers 
combusts the slurry to produce tar free syn-gas. The gasifier is 
operated at 26 bar pressure and at temperatures ranging between 
1200 and 1600 °C (typically above the ash melting point). Burners 
at the top of the gasifiers are fed by a nozzle that atomises the 
incoming slurry pneumatically by pure O; (at stoichiometric ratio 
of 0.3-0.7) at the gasifier pressure. The gasification takes place ina 


downward flame reaction in typically 1 s. The resulting syn-gas 
and molten ash exits the bottom of the gasifier into a quench zone 
where it is cooled by injecting water. High gasification efficiency 
(70% at 1200°C operating temperature) and very high carbon 
conversion (>99%) have been reported with this process [42]. 


2.1.1. Biomass gasification in supercritical water 

Gasification of biomass to produce syn-gas via the processes 
described so far is limited to biomass containing less than 35% 
water content [43]. In many cases however, the moisture content 
of available biomass may exceed that limit. In this scenario it is 
possible to gasify biomass under supercritical water conditions - 
water above its thermodynamic critical temperature (374.3 °C) 
and pressure (221.2 bar). After the pioneering work in supercritical 
water gasification (SCWG) carried out by Modell [44], several other 
researchers studied hydrolysis reactions of biomass products in 
near- or super-critical water [45-53] to produce various liquid 
products. At supercritical water temperatures in excess of 600 °C, 
hydrothermolysis of the biomass products will lead to gaseous 
products, including H2, CO, CO2 and CH4, with 100% conversion 
[54-56]. This is a great advantage over conventional oxygen/steam 
gasification technology which leads to tar and char formation. 
SCWG can be categorised into two operating conditions based on 
their temperature. Low temperature SCWG is operated between 
350 and 600°C and high temperature SCWG is conducted at 
temperature in excess of 600 °C. 

Low temperature SCWG was initially developed at Battelle 
Memorial Institute using a batch reactor [57,58] and was later 
adopted on a bench scale continuous reactor system [59]. As 
previously mentioned, 100% gasification is achieved only at 
temperatures in excess of 600°C, therefore low temperature 
SWCG is performed in the presence of a catalyst. The catalysts used 
are generally composed of bimetallic Ru or Ni supported on titania, 
zirconia or carbon [60,61] which are stable under severe oxidising 
and corrosive conditions of the near-critical water. Use of 
homogeneous alkali solutions [62] and heterogenous alkali metal 
catalysts [63] have also been reported in SCWG, but recovery of 
such catalysts is a major problem. Reaction studies conducted by 
Minowa et al. without any catalyst [63-67] showed that the 
hydrolysis of cellulose to glucose was the primary step leading to 
various products depending upon the reaction temperature. At 
200 °C, the hydrolysis resulted in mostly sugar formation with no 
oil, gas or char produced. At 250°C, the products ranged from 
sugars to water-soluble non-sugar compounds including gas, oil 
and char. Finally, at temperatures in excess of 300 °C cellulose was 
completely decomposed to produce char as the main product, at 
60% yield (on carbon basis) and 10% gas yield. Using sodium 
carbonate as a catalyst can reduce the onset temperature of 
cellulose decomposition, as well as, increase the gas and oil yield 
[63-67]. Metal catalysts like Ni did not reduce the onset 
temperature of the hydrolysis reaction but increased the yield 
of Hz in the gas stream. After the hydrolysis of cellulose to produce 
sugars the Ni catalysed reaction proceeds similar to the steam 
reforming reaction, but in the liquid phase 


C6sH1206(1) + 6H20(1) — 6CO2(g) + 12H2(g) (11) 


However, under these conditions the methanation reaction is 
also thermodynamically favourable and therefore some of the 
hydrogen evolved in Eq. (11) is consumed to form methane. Ni and 
many other metal catalysts also suffer from severe corrosion at 
supercritical water condition, especially at the high temperatures 
needed for higher H2 yields. This problem was overcome by Antal 
and co-workers by using charcoal and other carbons as catalysts 
for the gasification of tars in supercritical water [56]. Carbon may 
seem to be an unlikely candidate for a catalyst at supercritical 
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water conditions, but the authors showed that in the presence of 
hydrogen and at the temperatures of supercritical water, carbon is 
very stable [68,69]. 

At high temperature SCWG conditions (600-800 °C) biomass is 
highly reactive, which increases the gasification efficiency but only 
at low concentrations. The gasification efficiency drops sharply 
with increasing feed concentration. To get around this problem 
researchers have conducted high temperature SCWG in two stages. 
The first stage involves hydrolysis of biomass to produce water- 
soluble compounds followed by gasification in the second stage 
[60]. Addition of alkali like KOH, KHCO3 and NazCO3 have been 
shown to increase the Hz yield from the gasification of model 
biomass compounds such as glucose and pryrocatechol [62]. This 
may be due to the enhanced WGS reaction in the presence of an 
alkali [70]. To overcome the problem of high recovery costs of the 
alkali catalysts, zirconia can be used to catalyse high temperature 
SCWG reactions, however, the activity of zirconia is lower than 
Na2CO3 [71,72]. 


2.2. Hydrogen production from syn-gas 


Relatively pure hydrogen can be obtained from syn-gas 
produced from the biomass gasification by steam reforming 
followed by a WGS reactor. During the WGS reaction, CO and H20 
react ina 1:1 molar ratio on a catalytically active metal site to form 
CO» and H, (Table 1). This is a reversible reaction and therefore 
steam is added in excess to shift the equilibrium towards the 
product side. The WGS reaction can be carried out at two 
temperature ranges - (1) the high temperature reaction is carried 
out using Fe and/or Cr based oxide catalysts at temperature 
between 350 and 500 °C, and (2) the low temperature reaction is 
carried out over Cu-Zn oxide catalysts [28] at 200-250 °C. Low 
temperature WGS reactions have also been carried out on metal 
catalysts supported on partially reducible metal oxides, such as 
transition metal catalysts [73] and Au [74] supported on Al203 
[73,75], CeO [75-77] and Ce02-ZrO; [78]. CeO» is by far the most 
studied partially reducible support because of its ability to readily 
reduce from Ce** to Ce** over the temperature range where low 
temperature WGS reaction is favourable. Gold supported on ceria 
has shown great promise and has been reported to be stable up to 
300 °C [79]. However, the higher temperatures upstream in a plant 


Gas Composition (vol %) 


H2 8.6 +0.2 
co 14.3 + 0.5 
CO, 18.0 + 1.0 
CH; 4.52+0.1 
1.5+0.05 
19.5 


Gasifier 


Guard Bed 


require more active and stable catalysts. Traditionally, high 
temperature shift catalysts based on oxides of Fe and Cr are used 
in the industry [80]. However, recently Trimm et al. reported that 
promotion of Fe203-Cr20; catalysts with small amounts of Rh can 
increase the activity by up to a factor of 4 [81,82]. The authors 
believed that the presence of Rh enhances the reduction of Fe203 to 
Fe304, and also increases the H, release rate during the reoxidation 
by water. Examples of Fe and Cr oxide catalysts promotion by Cu, 
Hg and Ag can also found in the in the literature [83,84]. Several 
other authors have studied the replacement or removal of 
chromium oxide from the catalyst due to the environmental 
restrictions on its disposal. These attempts include the substitution 
of Cr by Al [85] and promotion of Fe/Al catalyst by Co and Cu [86]. 

Zhang et al. illustrated a process they developed to produce 
hydrogen from switchgrass [87,88]. Fig. 3 illustrates schematically 
the processes involved in converting syn-gas to hydrogen on a pilot 
plant scale. The gasified biomass stream is filtered in a heated 
particulate filter and purified to remove tars in a guard bed 
dolomite reactor at 600°C. The resulting syn-gas which may 
contain unreacted light hydrocarbons and traces of tar is converted 
to Hə and CO by steam reforming reaction (Table 1) using a 
supported Ni catalyst at a temperature range of 750-850 °C. The 
remaining CO from the steam reforming reactor is converted by 
sequentially feeding the gas stream to a high temperature and low 
temperature water gas shift reactor to increase the H3 yield. Steam 
reforming and shift reactors in coal gasification plants generally 
suffer catalyst deactivation due to sulphur poisoning; sulphur 
removal is therefore a necessary step prior to downstream 
processing. Since biomass contains very little sulphur, Zhang 
et al. did not attempt to removal the sulphur. However, they 
detected some sulphur and coke deposition which may cause 
catalyst deactivation in a long run. 


2.2.1. Hə purification by preferential CO oxidation 

The CO concentration in the gas stream, as seen from Fig. 3, 
decreases to approximately 2% after the high temperature WGS 
reactor and finally reduced to less than 0.2% after the low 
temperature WGS reactor. However, CO is a poison for the anode 
catalyst used in the PEM fuel cells [89-91 ]. Therefore, generally it is 
expected that the CO concentration of the feed stream in the fuel 
cell is at sub-ppm level [92]. One of the ways to achieve this 
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Fig. 3. Hydrogen production from syn-gas from biomass gasification. Adapted from Refs. [87,88]. 
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economically is to preferentially oxidise CO (CO-PROX) [93,94]. 
Many researchers have reported CO-PROX in the H2-rich stream 
using various catalysts based on Pt, Rh, Ru, Au and Cu-Zn, which 
can be supported on Al203, SiO2, TiO2, CeO2, ZrO2, MgO [95-103]. 
Promoting the noble metal catalysts with some additives have also 
been shown to enhance the catalytic performance for CO-PROX 
[101,104-106]. The use of alkali metals like Li, Na, K, Rb and Cs as 
additives was shown to be effective for increasing the catalytic 
performance, especially K-Pt/Al203, which proved to be one of the 
most active and selective catalysts [96,97,107-109]. Tanaka et al. 
studied the CO-PROX reaction in a H>-rich stream with feed 
concentrations of 0.2-1% CO, 0.2-1.25% Oz and 60-75% Hz, at 
temperatures ranging from 47 to 177 °C [96,97]. They found that 
the CO conversion increased with respect to temperature, and the 
highest conversion was achieved at temperatures in excess of 
100 °C. The type and amount of alkali addition had a significant 
influence of the activity and selectivity of the catalysts used. The 
authors concluded that the addition of alkali metals decreased the 
CO adsorption strength on the active metal sites and also increased 
the metal crystallite size leading to the increased performance 
[96]. However, it is noteworthy that the presence of steam in the 
feed mixture inhibits the preferential oxidation reaction of CO by 
interacting with the active metal sites [97]. 

An interesting alternative to the CO-PROX is the use of a 
catalytic membrane reactor (CMR) for the WGS reaction for the 
conversion of syn-gas to H2. There are two obvious advantages of 
using a CMR for the WGS reaction. First, the CMR shifts the 
equilibrium conversion of CO towards the products (CO, and H3) 
by removal of Hz from the reaction zone [110]. This also implies 
that compared to conventional reactors similar conversions can be 
achieved in a CMR at lower H20/CO ratios [111,112], thereby, 
reducing the cost of making the excess steam required for the WGS 
reaction. The second advantage of a CMR is that it can potentially 
eliminate the need for a traditional Hə purification step (e.g. 
pressure swing adsorption), because the use of a highly H2- 
selective, dense metal, diffusion membrane can result in Hə 
recovery and purity in excess of 99% and 99.9999%, respectively 
[113]. A CMR can be prepared by using a fixed bed of catalysts 
inside a tubular membrane or by impregnating a film or 
nanoparticles of active metals on the inside wall of a tubular 
membrane or a combination of both [110-112]. The selection of 
the membrane material depends largely on its hydrothermal 
stability at the reaction conditions. Until recently the water gas 
shift CMR utilised Pd or Pd-alloy based dense metal membranes 
[114,115]. However, these catalytic membranes are susceptible to 
steam embitterment and catalyst poisoning [116]. Recent 
improvements in hydrothermal stability, H2-selectivity and flux 
of silica membranes have created an interest in their use as CMR for 
the WGS reaction [116-118]. Despite these advances in the CMR 
technology in the last few years, they are still not commercially 
viable due to the high cost of membranes and the use of expensive 
Pd catalysts [119]. Durability of these membranes for a commer- 
cially acceptable lifespan is also in doubt at this stage. 

An attractive alternative to the WGS reaction, proposed by Kim 
et al. [93,120,121], is the conversion of CO and H20 to CO3, H* and 
electricity. They carried out this experiment in an aqueous solution 
of polyoxometalates (POM) to achieve significantly higher rates 
than the WGS reaction. Eq. (12) illustrates the reaction of CO and 
water with POM, such as H3PMo 2040, in presence of a gold 
catalyst: 


CO + H20 + 2PMo10493- CO + 2H* + 2PM0120494 (12) 


The aqueous solution of the reduced POM and protons can be 
used to produce electricity on the anode of a PEM fuel cell and thus 
the POM solution is reoxidised in the process. 


2.3. Fast pyrolysis of biomass to produce bio-oils 


Pyrolysis of biomass involves the thermal decomposition of the 
cellulosic matter in the absence of air or oxygen. Conventional 
carbonisation and pyrolysis has been used as a commercial process 
for many years to produce fuels (mainly charcoal), solvents and 
chemicals. This is a slow heating process, with temperatures 
ranging from 300 to 900°C, which results mostly in charcoal 
formation. Therefore, this process is not attractive for producing 
hydrogen. In the early 1990s the fast pyrolysis technology was 
developed on a commercial scale and few pilot plant fluidised bed 
reactors were established in parts of US, Europe and Canada. Fast 
pyrolysis is characterised by fast heating rates, higher tempera- 
tures (400-3000 °C) and short residence times - generally in the 
order of fraction of a second [15]. A fast pyrolysis process leads to 
the formation of products in solid, liquid and gaseous forms 
depending upon the feed and temperature [122-124]. According to 
the recent reviews by Bridgwater and Peacocke [125] and Mohan 
et al. [126], high heating rates and fine particle size of biomass are 
required for fast pyrolysis leading to rapid heat transfer from the 
heat source. This initiates the primary pyrolysis reactions at 
elevated temperatures, releasing the volatiles and the remaining 
char. The hot volatiles may come in contact with cooler 
unpyrolised solids and condense, followed by secondary reactions 
to form tars [127]. To control the desired product range, accurate 
temperature control around 500 °C is essential. The completion of 
primary and secondary pyrolysis reactions results in organic 
vapours which are rapidly cooled outside the pyrolysis reactor to 
produce bio-oils with up to 80% yield on the dry biomass feed basis. 
The physical characteristics of bio-oil can vary considerably 
depending upon the feed type and the severity of pyrolysis. 
Typically bio-oils contain very high oxygen content (30-40%) anda 
lower heating value (16-19 MJ/kg) compared to heavy fuel oil 
(0.1% and 40 MJ/kg, respectively) [128]. Most of the oxygen is 
present as water content in the bio-oil (15-30%) and is also 
responsible for decreasing the heating value of the bio-oils. 
Furthermore, the high oxygen content also makes bio-oils 
chemically unstable, producing many unwanted chemical reac- 
tions with increasing time and temperature - leading to an 
increase in viscosity and the cloud point temperature. Other 
significant problems with bio-oils include poor volatility, high 
viscosity, coking, corrosiveness, and cold flow problems [128]. 
Therefore, refining of bio-oils is essential to make it suitable as a 
liquid fuel. However, distillation of bio-oils can lead to residual 
wastes of up to 50% by weight (compared to only 1% for heavy fuel 
oil). 

An alternative to refining bio-oils is to increase the severity of 
pyrolysis conditions in order to produce more gases (CO, H2, CO2 
and CH,). The remaining bio-oil after condensation can then be 
treated further to produce additional H2. Several researchers have 
worked on developing processes and catalysts to maximise 
hydrogen production from fast pyrolysis bio-oils [122-124,129- 
143]. Evans et al. [129] at the US National Renewable Energy 
Laboratory, proposed a scheme to produce H3 and adhesives from 
pyrolysis bio-oils using some co-products. Fig. 4 illustrates a 
schematic diagram of this scheme using the fast pyrolysis of 
biomass to produce Hz and chemicals [129,144]. Dried and finely 
ground biomass is fed into the pyrolysis reactor which produces 
char, organic vapours, and gases in varying concentrations 
depending upon the severity of pyrolysis. The chars can be 
centrifuged and utilised for heating purposes as illustrated in Fig. 4. 
The organic vapours can be condensed to produce bio-oils. H> yield 
can be subsequently increased from the gases coming out of the 
condenser using the processes described in Section 2.2. The bio- 
oils can then be separated into water-soluble and -insoluble 
components. The insoluble organics can be treated to produce 


172 A. Tanksale et al. / Renewable and Sustainable Energy Reviews 14 (2010) 166-182 


Table 2 
Hydrogen yields and energy ratios obtained from various processes [124,142]. 


Processes Hp yield (wt%) Energy ratio? 
Pyrolysis + steam reforming 12.6 91 
Gasification + WGS 11.5 83 
Biomass + steam + except heat 17.1 124 

J i ) 


* Energy ratio = heating value of product H2/heating value of the biomass feed. 


chemicals and the soluble organics can be further steam reformed 
to produce Hp. Alternatively, all the bio-oil can be treated in an 
autothermal or steam reformer to produce Hg. Table 2 illustrates 
the Hz yields that can be obtained from biomass using various 
processes and the theoretical maximum including the ratios of 
heating values of the product hydrogen with respect to the 
biomass feed [124,142]. 


2.4. Hydrogen production from fast pyrolysis and bio-oils 


Gaseous products can be obtained from fast pyrolysis of 
biomass by increasing the pyrolysis temperature. Fig. 5 illustrates 
the effect of fast pyrolysis temperature on the yields of solids, 
liquids and gases produced from various feeds at different 
temperatures [142,145]. As the temperature increases from 500 
to 750 °C, the char and liquids yields decrease while the gaseous 
yield increases. At 750 °C, the gaseous yield increases to around 
45-50% compared to the yield of 30-35% at 500 °C, based on the 
dry biomass feed. Demirbas and Arin [123] also reported that 
increasing the pyrolysis temperature resulted in an increase in the 
Hp yield as a percentage of the total gases evolved. Depending upon 
the feed, the Hz yield increased from 27-41% to 41-55% of the total 
gas yield on a volumetric basis. Although these bench scale 
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experiments show promising results, the H3 yield is still too low for 
it to be commercially attractive. One of the methods to increase the 
Hz yield is to apply catalytic pyrolysis. Chen et al. [145] studied the 
effect of catalysts on the pyrolysis reaction with mixed success. Ca 
and Cr oxides seem to perform the best in their studies. Garcia et al. 
[146] studied the effect of catalysts pre-treatment on the gaseous 
yield from the fast pyrolysis of sawdust. The pyrolysis was based 
on Waterloo Fast Pyrolysis Process (WFPP) technology [146]. This 
technology can achieve very fast heating rates and short residence 
time of the biomass (in the order of less than 1 s). The gas spatial 
time in the fluidised bed reactor is approximately 0.34s at 
temperatures of 650-700 °C under nitrogen flow. A Ni/Al co- 
precipitated catalyst was used in this study to test the influence of 
calcination temperature (750-850 °C) and the activation condition 
(Hz flow rate) on the gas yields. They reported an increase in H2 and 
CO, yields when the catalysts were present in the reduced state. 
Moreover, reduction of the catalysts was achieved under the 
pyrolysis reaction condition when the catalysts were calcined at 
750°C. But catalysts calcined at 850°C could not be reduced 
without the hydrogen pre-treatment. 

Hydrogen can also be produced from the bio-oil products from 
the fast pyrolysis reactor using steam reforming which is similar to 
Eq. (8) in Table 1. Wang et al. [147,148] and Czernik et al. [133,141] 
have developed methods and catalysts for Hə production from 
these bio-oils at the US National Renewable Energy Laboratory. 
Their initial studies were based on steam reforming of model 
compounds of oxygenated hydrocarbons, model bio-oils and the 
aqueous fraction of poplar bio-oil. During these initial studies they 
noticed that the steam reforming reaction competes with the gas- 
phase thermal decomposition reaction of the bio-oils. This may 
result in coke formation that can plug the reactor and deactivate 
the catalysts. Therefore, a special reactor design configuration 
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Fig. 4. Fast pyrolysis reactor system with integrated steam reforming or autothermal reforming (ATR) and WGS reactor to produce hydrogen and chemicals. Adapted from 


Refs. [129,144]. 
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Fig. 5. Fast pyrolysis product yields - char (green), liquids (blue) and gases (red) 
obtained from various biomass samples. Data used from Refs. [142,145] (for saw 
dust data, liquids = tar + water). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of the article.) 


should be chosen to process the bio-oils and its fractions. A triple 
nozzle spray system was therefore used to introduce the bio-oils 
in the reactor which reduced the char formation from thermal 
decomposition. The Hz yield (defined as the percentage of the 
stoichiometric maximum yield) from the aqueous fraction of 
poplar oil at 750°C was found to be 75% at the start of the 
reaction, but decreased to ca. 60% over a 5-h period due to 
catalyst deactivation [147]. Catalyst regeneration conducted by 
passing steam at 800 °C for 12 h completely restored the catalyst. 
Another problem with steam reforming of the bio-oils is that a 
very high steam to carbon ratio is used to avoid coke deposition. 
In general steam to carbon ratio in excess of 7, at a space velocity 
of 1000 h~t, is required to avoid a carbon deposit. This increases 
the energy demand of the plant in order to produce the excess 
steam. 

Autothermal reforming (ATR) is an attractive alternative to 
steam reforming of bio-oils. ATR is a combination of steam 
reforming and partial oxidation of the hydrocarbons to produce 
CO, CO, and Hb. The reactions involved in the ATR include Eq. (8) 
(steam reforming) and the following: 


x-z y 


C,HyO, 5 202 — xCO 4 5 He 13) 
C,HyO, UZIA O2 + xCO +Ž H20 14) 
CHO; + aa crys) O,  xCO, 4 31,0 15) 

The overall reaction for ATR can therefore be written as [149] 
C,HyO, + a02 + bH20 — cCO + dH2 + eCO2 16) 


This is a simplified reaction and the coefficients a-e will depend 
on the reaction temperature and the amount of disposable 
hydrocarbon [130]. One of the advantages of ATR over steam 
reforming is that the heat generated from the exothermic 
oxidation/partial oxidation of bio-oils can be provided to the 
endothermic reforming reaction. The other advantage is that the 
water produced as a by-product of Eqs. (14) and (15) can be utilised 


during steam reforming (Eq. (8)) which reduces the external water 
and energy required for producing excess steam. The oxygen 
concentration in the feed can be adjusted to match the heat 
required for steam reforming only, or for preheating and steam 
reforming. A thermodynamic study of autothermal reforming of 
model bio-oil compounds such as acetic acid, ethylene glycol and 
acetone showed that at temperatures in excess of 600 °C and O3/ 
feed molar ratio >0.3-0.5, H2 yields comparable to that of steam 
reforming can be produced [130]. The optimum reaction condi- 
tions and the autothermal reforming yields are given in Table 3 
[130], which shows that the steam to carbon ratio is reduced to 3:1 
compared to >7 required for the steam reforming reaction. The Hz 
yield from these model compounds was found to be 71-78% of the 
stoichiometric yield, which is comparable to the steam reforming 
reaction yields of approximately 80% reported in the literature 
[133,141,147]. 

Very recently, Hz has also been produced from bio-oils using the 
sequential cracking method [134,135]. Bio-oil sequential cracking 
is a two step process in which catalytic cracking of feed is 
alternated with a catalyst regeneration step. This process is similar 
to methane sequential cracking [150-152] given by the following 
equations: 


metal 


CH4 + —> Cmetal +2H2 (17) 


Cmetal +02 — CO2 (18) 


During the cracking step (Eq. (17)) the hydrocarbon feed 
decomposes on a metal catalyst surface to produce H2 and solid 
carbon on the metal site which accumulates as coke. During the 
regeneration step (Eq. (18)) the coke deposited on the metal site is 
combusted or gasified to produce CO2 and this restores the 
catalytic activity in the process. If two or more reactors are placed 
in parallel, Hə can be produced continuously by cyclically 
switching the hydrocarbon and O, feed between the reactors. 
This process has an added advantage in that the Hz and CO» are 
produced in different steps, thereby, saving the energy required to 
purify Hz. Platinum group metals supported on Al,03, ZrO2, and 
CeO2-ZrOz have been used for this process [134,135]. 


2.5. Hydrolysis of biomass to produce sugars 


Biomass hydrolysis technology to produce sugar monomers 
include dilute acid hydrolysis [153-155], concentrated acid 
hydrolysis [156], alkaline hydrolysis [155], enzyme hydrolysis 
[157,158] and near- and super-critical water hydrolysis. Near- 
and super-critical water hydrolysis was discussed in Section 2.1 
as an intermediary of the SCWG process. Yu et al. [159] also 
recently conducted a review of biomass hydrolysis in hot 


Table 3 

Optimum reaction parameters and yields, as determined by a thermodynamic 
study of autothermal reforming of model bio-oil compounds. Adapted from Ref. 
[130]. 


Reaction parameters Acetic acid Acetone Ethylene glycol 
Steam/carbon ratio 3/1 3/1 3/1 
O,/feed ratio 0.33 0.62 0.26 
Reaction temperature (°C) 627 627 627 
Reaction pressure (atm) 1 1 il 
Conversion (%) 100 100 100 
Yield % (based on carbon except for H2) 
H, (based on stoichiometric H2) 72.59 70.97 77.40 
co 19.74 27.80 24.46 
CO2 79.69 70.13 74.07 
CH, 0.58 2.07 1.47 
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compressed water. Moreover, since the scope of this review does 
not including biochemical process we will not discuss the enzyme 
hydrolysis process. In this section we discuss only the dilute/ 
concentrated acid and alkaline hydrolysis in detail. Briefly, the 
mechanism of hydrothermal hydrolysis of cellulose involves 
cleavage of a C-O-C bond by a water molecule, as shown in Fig. 6 
(pathway C) and the subsequent formation of glucose monomers. 
During the hydrothermal treatment organic acids like acetic acid 
and formic acid are also formed, shifting the pH from neutral (or 
just below) to approximately 3 [155]. The reaction rate constant is 
however independent of the pH of the solution. The reaction 
follows a first order mechanism up to the transformation yield of 
over 90%. Conversion of cellulose with respect to time is strongly 
dependent on the reaction temperature and the activation energy 
is calculated to be 136 kJ/mol [155]. This activation energy is 
slightly higher than that for acid hydrolysis but is within the range 
of various acid catalyst experiments. One of the interesting 
aspects to note here is that the maximum glucose yield from 
hydrothermal hydrolysis is approximately 60% because of the 
conversion of glucose into further degradation products. The 
complete mechanism is defined in Fig. 7, where A’ is the 
intermediate product. 


2.5.1. Acid hydrolysis 

Acid hydrolysis of cellulose, shown in Fig. 6 (pathway A), 
involves the C-O-C bond cleavage by protonation of the glucoside 
bonds. In the first step, the proton (H*) may attack either the 
oxygen bond between the two glucose units (pathway A1) or the 
cyclic oxygen bond in the glucose unit (pathway A2) [160]. The 
conjugated acid intermediates are believed to be formed rapidly 
followed by a slow reaction step involving splitting of glucosidic 
bonds by the addition of a water molecule and releasing a proton. 
Apart from the hydrolysis reaction pathways illustrated in Fig. 7 
cellulose may be modified to form unreactive compounds, which 
do not go through the hydrolysis reaction to produce sugars [161]. 
The rate constants of hydrolysis reaction are directly correlated to 
the proton concentration in the reaction. Therefore, the strength of 
the acids used for hydrolysis is an important parameter in 
determining the effectiveness in the cleavage reaction. Effective- 
ness of the acids for the cleavage decreases in the order of their pK, 
(acid strength) value - HCl >H2SO,4, > HNO; > CF3;COOH > 
H3PO, > HCOOH > CH3COOH [155]. For mineral acids the hydro- 
lytic activity, defined by their pH value, can be increased with an 
increase in reaction temperature. However, the organic acid 
activity decreases with increased temperature. Therefore, a high 


Fig. 6. Mechanisms of hydrolysis of cellulose in acidic (H*), alkaline (OH), and hydrothermal media (H20). Adapted from Bobleter and Fan et al. [156,160]. 
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Fig. 7. Reaction scheme of cellulose hydrothermal hydrolysis. Adapted from Refs. [155,159]. 


concentration (>50%) of organic acids, like acetic acid, at moderate 
temperatures (160-185 °C) can be used to achieve high activity. 

Dilute acid hydrolysis is carried out at high temperatures and 
pressures with reaction time in the order of a few minutes. This is 
suitable for a continuous process on a commercial scale application 
as it is possible to achieve a glucose yield of up to 50% using dilute 
acid hydrolysis [156]. Higher glucose yields can be achieved with 
shorter reaction time to avoid further degradation, but higher 
temperatures are required for that, which creates a problem of low 
thermal efficiency due to the heat-transfer limitation. Counter- 
current continual shrinking bed reactor technologies have been 
successfully employed to achieve glucose yield in excess of 90% 
from cellulose hydrolysis [162,163]. Unlike traditional fixed 
volume reactors, a continual shrinking bed reactor has a spring 
that maintains a tight and uniform packed bed of biomass solids, 
thus forcing the hydrolysis medium close to the solid surface. 
Torget and Lee proposed that to achieve the high yield of glucose 
from crystalline cellulose, a ‘scouring’ of the solid phase by the 
liquor phase is necessary [153]. 

Another method to maximise the glucose yield from dilute acid 
hydrolysis of cellulose is to carry out the reactions in two stages. 
The first stage involves dilute acid treatment under mild conditions 
(temperature and pressure) and short residence time (few 
minutes). This step decreases the degree of polymerisation of 
cellulose to form oligomers and C5 sugars. The C5 sugars are 
recovered at this stage and the second stage is optimised to recover 
C6 sugars. The second step is conducted at higher temperature, and 
acid concentration, and longer residence time (1.5-3 h) [162-164]. 

Concentrated acid hydrolysis uses highly concentrated sul- 
phuric acid to convert the crystalline cellulose into an amorphous 
form. Sulphuric acid breaks the hydrogen bonds between the 
cellulose chains and the resulting amorphous cellulose forms a 
homogeneous gel in the acid solution. In the amorphous form 
cellulose is easy to hydrolyse in water at low temperatures, 
providing a rapid and complete conversion to glucose [159,165]. 
However the process faces many challenges for commercialisation 
because of the highly corrosive acid environment and high costs of 
acid consumption and recovery. 


Table 4 


2.5.2. Alkaline hydrolysis 

In alkaline hydrolysis, shown in Fig. 6 (pathway B), OH” ions 
attack the anomeric carbon atom, thereby, cleaving the C-O-C 
bond. With the addition of a water molecule and the release of an 
OH- ion in the next step, the glucose monomer units are formed. 
Experimental results suggest that the rate of alkaline hydrolysis 
of cellobiose (the basic repeating unit in cellulose) and water- 
soluble carbohydrates is higher than that of acid hydrolysis and 
hydrothermal hydrolysis [155,159]. However, the sugar mono- 
mers and dimers are severely attacked in alkali solutions, leading 
to degradation such as tautomerism of aldose and ketose with 
enediols [166]. Alkali degradation of dilute solutions results in 
near 100% conversion of sugar monomers into <C6 acids. 
Moreover, the composition of reaction products is independent 
of reaction temperature [166]. Hemicellulose is relatively stable 
to the alkali treatment but starts degrading at temperatures 
greater than 100°C. Cellulose is stable to alkali treatment at 
temperatures below 170 °C [166] and is known to increase in 
crystallinity and the glazed appearance after 1 h treatment with 
18% NaOH solution at 100 °C [167]. However, cellulose can be 
depolymerised in boiling diluted NaOH solution at temperatures 
<170 °C [166]. This is caused by the dissolution of short-chain 
molecules at the reducing ends of the cellulose chain (known as 
peeling) [168]. When cellulose is treated at more than 170 °C in 
an alkali solution random cleavage of glucosidic bonds results in 
rapid decrease in the degree of polymerisation [169]. At this 
point, apart from the monomer degradation, the alkaline 
hydrolysis also suffers from the formation of organic acids such 
as isosaccharinic acid, lactic acid, etc. This decreases the pH of the 
reaction and makes it difficult to determine the reaction 
parameters. Therefore, alkali treatment may only be used as a 
pre-treatment of lignocellulosic biomass before enzymatic 
hydrolysis. Low alkali concentration (e.g. 1% NaOH solution) at 
room temperature can considerably enhance the efficiency of 
enzymatic hydrolysis using cellulose [155]. Table 4 presents the 
summary of all the hydrolysis methods discussed in this section, 
including the advantages and disadvantages of each method 
[155,170]. 


Summary of the reaction parameters, glucose yield (from cellulose hydrolysis), advantages and disadvantages of various hydrolysis methods. Adapted from Yu et al. [159] 


using data from Refs. [155,170]. 


Hydrolysis method Reaction parameters Glucose yield (%) 


Advantages Disadvantages 


150-250°C <40 
100-250 bar 
0-20 min 


Hot compressed water 


Concentrated acid 30-70% H2504 90 
40°C 


2-6h 


Dilute acid <1% H2504 
215°C 


3 min 


50-60 


18% NaOH 30 
100°C 
1h 


Alkaline 


Environmentally friendly 
Low maintenance cost 
High reaction rate 


Lower sugar yield compared to other methods 


Corrosion 
Environmental issues 
High recovery costs 


High sugar yield/recovery 
High reaction rate 


Corrosion 

Environmental issues 

Sugar degradation 

High operating and utility costs 


High sugar yield/recovery 
Very high reaction rate 


High reaction rate Low sugar yield 
Acid formation during reaction lowers pH 


Sugar degradation 
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2.6. Hydrogen production from aqueous phase reforming 


Initially Antal et al. [171] proposed the use of glucose as 
potential feedstock for hydrogen production via the steam 
reforming reaction. However, this reaction resulted in the 
formation of a hydrocarbon-rich syn-gas, with low hydrogen 
yields. Recently, a new method involving the oxygenated hydro- 
carbon decomposition was developed by Dumesic and co-workers 
[12,20,172-182]. They were able to convert biomass-derived 
oxygenated hydrocarbons with C:0 ratio of 1:1, such as methanol, 
ethylene glycol, glycerol, glucose and sorbitol, into H2, CO, CO} and 
gaseous alkanes by the catalytic aqueous phase reforming (APR) 
reaction using supported metal catalysts. The APR is carried out at 
a temperature range of 200-250 °C and pressures of 10-50 bar to 
maintain the liquid phase. The advantages of this method include 
moderate reaction temperature and pressure which favours the 
WGS reaction in the same reactor, low CO level in the gas stream 
(100-1000 ppm), which is ideal for fuel cell application and a lower 
energy requirement compared to steam reforming because the 
oxygenated hydrocarbon feed and water are in the liquid phase. 
Additionally, the feedstock is non-hazardous which makes its 
storage relatively easier. 

The overall reaction for hydrogen production from oxygenated 
hydrocarbon with C:O = 1:1 by APR, shown in Eq. (19) is similar to 
the steam reforming reaction (Eq. (8)): 


Cy H2x420x + xH20 (2x t 1)H2 + xCO2 (19) 


Although this reaction is thermodynamically favourable for the 
production of Hz and COs, in these conditions the products can 
further react to form alkanes and water: 


CO2 + 4H20 = CH4 +2H20 (20) 


Fig. 8 shows the reaction pathways involved in the formation of 
hydrogen, CO, CO2 and alkanes. One of the pathways, similar to the 
steam reforming reaction (Eq. (8)) is to produce adsorbed CO on the 
metal site by the C-C bond cleavage. It is followed by the WGS 
reaction (Eq. (9)) to produce Hz and CO. The combined reaction is 
given by Eq. (19). However, the Fischer-Tropsch reaction [183,184] 
to form alkanes and water presents a series selectivity problem 
because it consumes hydrogen. A parallel reaction proceeds 
through the cleavage of C-O bonds to form alcohols. Other 
pathways involve dehydration/hydrogenation and dehydrogena- 
tion/rearrangement of the oxygenated hydrocarbons to form 
alcohols and acids, which reacts with water to give alkanes, H2 
and CO. These reaction pathways present a parallel selectivity 
challenge which should be overcome to maximise the hydrogen 
yield. 

The optimum catalytic pathway for the production of Hz and 
CO- by APR of oxygenated hydrocarbons involves cleavage of C-C 
bonds as well as C-H and/or O-H bonds to form adsorbed species 
on the catalyst surface [184]. Therefore, a good catalyst for 
production of Hə by aqueous phase reforming must be highly 
selective for C-C bond cleavage and promote removal of adsorbed 
CO species by the WGS reaction. However the catalyst must not 
catalyse C-O bond cleavage and hydrogenation of CO and CO3. 
Cleavage of C-C bonds can occur over Pt, Pd, Rh, Sn, Ni, Co, Cu, Zn 
and their combinations [178]. Davda et al. reported that on silica 
support the activity for APR, measured by the rate of CO2 
production per catalytic metal surface site at 210°C, decreased 
in the following order - Pt~Ni>Ru>Rh~Pd>Ir [178]. 
Although the activity of Ni is comparable to that of Pt catalyst, 
its Hp2-selectivity and stability is very low. Ni/SiO2 showed 
significant deactivation at 225 °C, making it unsuitable for long 
runs. Pt and Pd based catalysts exhibit low selectivity for C-O bond 
cleavage and the series reactions, namely the methanation and 


Fisher-Tropsch reactions. Pt was found to be the most suitable 
catalyst for the APR reactions but the cost of this catalyst is 
prohibitive for large-scale applications. 

The activity and selectivity of the metal catalysts also depends 
on the supports used. In general, acidic supports such as SiO2- 
Al203 are more alkane-selective and the basic/neutral supports 
such as Al2O0; and carbon are more H>-selective. pH of the solution 
should also be neutral for higher H2-selectivity. This can also be 
seen from Fig. 8, where dehydrogenation of the feed leads to acid 
formation, reducing the pH and leading to the production of more 
alkanes. H2-selectivity also decreases with increasing number of 
carbon atoms in the feed molecule. The H2-selectivity decreases in 
the following order: methanol > ethylene glycol > glycer- 
glycerol > sorbitol > glucose [12]. The H2-selectivity of catalysts 
can be improved by alloying Pt and Pd with Ni, Co and Fe supported 
on high selectivity supports such as Al,03. PtNi and PtCo catalysts 
with atomic ratios from 1:1 to 1:9 have been shown to improve the 
selectivity of ethylene glycol reforming [172]. 


2.6.1. Hydrogen production from sugars 

We reported previously that hydrogen can be produced from 
APR of sugars and sugar alcohols [181,185-188]. Sugars and sugar 
alcohols, like sorbitol, can be directly produced from hydrolysis of 
biomass [155,159,189]. However, sugar reforming presents a 
greater challenge than methanol and ethylene glycol reforming 
because of the more complex chemical structure of sugars, which 
results in parallel selectivity issues [187]. Initial tests were carried 
out in a batch reactor for reforming of aqueous solutions of glucose, 
fructose and sucrose [185]. Fig. 9 shows the possible routes of 
reaction for APR of fructose using Pt/Al203 catalyst at 200 °C. 
Initially, the fructose molecule goes through dehydrogenation 
process selectively on the metal surface to give hydrogen and 
adsorbed organic species on metal site. According to density 
function theory studies of Gursahani et al. [190] C-C bonds are 
selectively adsorbed on the platinum site at temperatures around 
200°C. The adsorption of C-C bond results in cleavage and 
formation of CH-OH group adsorbed on metal (* representing the 
metal site). CH-OH then dehydrogenates to produce CO and 
hydrogen. CO might then go through WGS reaction to give CO2 and 
Hz or it might go through methanation reaction to give CH, and 
water. It is clear that the hydrogen consuming reactions are 
unwanted and therefore the catalysts must be WGS selective. Fig. 9 
also shows that the adsorbed fructose molecule might then go 
through further C-C cleavage to give acetic acid and adsorbed CH- 
OH, which is again a desirable reaction as it results in higher 
hydrogen selectivity. It is known from the literature [182] that C-C 
bond cleavage is the limiting factor in the reforming process. In the 
lack of active metal sites, as was the case with alumina only study, 
the dehydrogenation of the fructose molecule does not produce C- 
C cleavage [187]. Presence of ketones and esters were detected in 
this case which might be the result of C-O bond cleavage followed 
by dehydration. This reaction takes place on weak acid sites of y- 
Al2O0; [191]. The formation of these organic groups results in lower 
selectivity of hydrogen as they do not take part in further 
reforming reactions. 

APR of sorbitol is more selective for hydrogen production 
compared to sugars because of the lack of an ester group. We 
studied the APR of sorbitol using alloy catalysts of Pt, Ni and Pd. We 
found that alumina nanofibre (Alnf) supported Ni-Pt catalyst in an 
atomic ratio of 33:1 was the most active and selective catalyst for 
APR of sorbitol [181,188]. Characterisation of the mono- and 
bimetallic catalysts of Ni, Pt and Pd showed that alloying Ni with 
noble metals results in a higher number of active sites due to the 
increased reducibility. Moreover, the alloy catalysts showed lower 
CO-chemisorption binding strength compared to its constituent 
monometallic catalysts. The differential heat of CO-chemisorption, 
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Fig. 8. Reaction pathways for ethylene glycol reforming during aqueous phase reforming. Adapted from Refs. [12,182]. The asterisk symbol (*) denotes the adsorption site on 


the metal surface. C-C cleavage followed by WGS is the desired pathway where 
reactions create parallel selectivity issues. 


measured by a heat-flux calorimeter, was found to be 111.28 kJ/ 
mol for Ni-Pt/Alnf, which was 11.45 and 5.51 kJ/mol lower than Pt/ 
Alnf and Ni/Alnf, respectively [181]. The decrease in CO binding 
strength results in removal of adsorbed CO species by WGS 
reaction (Fig. 8) and therefore a higher fraction of active metal sites 
is available for the reforming reaction. The turn over frequency 
(TOF) of Hz production, defined as moles of Hp per mol of surface 
site measured by CO chemisorption, was found to be maximum for 
Ni-Pt/Alnf, which was 2 and 5 times more than Pt/Alnf and Ni/Alnf, 
respectively. The TOF of H2 production from APR of 10 wt% sorbitol 
solution at 200°C, 20 bar and WHSV = 6.2 h7! using Ni-Pt/Alnf 
catalyst was found to be 0.074 min“! at 62.5% sorbitol conversion 
and 75.6% Hp>-selectivity [181]. This rate of formation compares 


as the C-O cleavage, dehydration/hydrogenation and dehydrogenation/rearrangement 


favourably with the results reported by Cortright et al. [12] where 
they achieved H3 TOF = 1.0 min“! at 225 °C using 3% Pt/Al203, but 
at lower conversion rates. According to Cortright et al. [12] the TOF 
drops sharply with increase in conversion rate - e.g. the Hz TOF 
from APR of ethylene glycol was reported to decreases from 
7 min“! at 3.5% conversion to 0.7 min7! and 0.08 min7' at 62% and 
90% conversion, respectively. 

Davda et al. [173] investigated hydrogenation of glucose to 
form sorbitol, followed by APR in a hydrogen-rich environment to 
produce H2. The hydrogenation of glucose takes place on metal 
catalysts with high selectivity at low temperature (e.g. 125 °C) and 
high Hz pressure (50 bar). However, the APR is H2-selective at 
pressures just above the bubble-point pressure of the liquid feed 
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Fig. 9. Reaction mechanism of fructose reforming. Adapted from Ref. [187]. 
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Table 5 


Summary of the hydrogen production processes from biomass including process energy ratios and advantages and challenges facing these processes. 


Biomass conversion processes Products Hydrogen production processes Energy ratio? Advantages (A), challenges (C) 
Gasification Methane Steam reforming 36-73% A: commercially available technology; 
[21.192] high conversion of biomass to syn-gas 
Syn-gas Water gas shift C: increasing the low energy ratio 
Tar Preferential CO oxidation 
Thermochemical cracking 
Fast pyrolysis Gases (CO, CO2, H2, CH4) Autothermal/steam reforming 60-90% A: high energy ratio; fast pyrolysis is 
[21,124,142] commercially available technology 
Bio-oil Sequential cracking C: catalytic challenges for increasing the 
efficiency of bio-oil conversion; 
commercialisation of bio-oils to 
hydrogen technologies 
Char Water gas shift 
Hydrolysis Sugar monomers (C5-C6) Aqueous phase reforming 20-45%? A: high conversion of cellulose to sugars 


Sorbitol (catalytic hydrolysis + 
hydrogenation) 


Supercritical water reforming 


using enzymatic route; mild operating 
conditions; environmentally friendly 
C: increasing the rate of hydrolysis; 
reducing cost of enzymatic hydrolysis; 
improving catalytic performance of 
aqueous phase reforming for sugars 


* Energy ratio is defined as the heating value of product H2/heating value of biomass feed. The energy ratio does not include the fossil fuel energy required for biomass 


production. 


> The energy ratio value is calculated on the basis of 100% supercritical water gasification of glucose [54-56], where glucose is produced from the enzymatic hydrolysis 
(yield 75-95%) [159] of crystalline + amorphous cellulose (80% of dry biomass feed) [15]. 


and at moderate space velocities [174]. Therefore, it may not be 
practical to operate hydrogenation and APR reactors in series. 
Recently an interesting alternative was reported by Fukuoka and 
Dhepe whereby cellulose can be directly converted to sorbitol 
[189]. They showed that cellulose hydrolysis to produce glucose 
can be followed with glucose hydrogenation to produce sorbitol 
and mannitol in a single reactor. The reaction is carried out over Pt 
and Ru catalysts supported over y-Al203, Si02-Al,03 and the H 
form of ultrastable Y zeolite (HUSY), at temperatures ranging from 
170 to 200 °C and pressure of 50 bar. The maximum yield of 31% 
(25% sorbitol and 6% mannitol) was obtained with Pt/y-Al203 
catalyst at 190°C and 50bar pressure after 24h reaction. The 
authors believed that the acid sites required for the cellulose 
hydrolysis is produced in situ from the dissociation of H2 over 
metal, in addition to the acidic sites on the support. The dissociated 
H2 spills over the support site which catalyses the C-O-C bond 
cleavage resulting in a C—O bond and is rapidly reduced over the Pt 
and Ru sites to form sorbitol [189]. The resulting sorbitol can be fed 
to the APR reactor after a pressure reduction step to maintain the 
APR reactor pressure to just above the bubble point at tempera- 
tures of 200-220 °C (Fig. 10). 


3. Conclusions 


Hydrogen is believed to be the fuel of the future, however, there 
are many challenges facing the transition of liquid fuels to 
hydrogen. Hydrogen derived from fossil fuels will be either carbon 
intensive or expensive because of carbon sequestration costs. 
Therefore, hydrogen should be generated from resources which are 
carbon neutral and renewable for long term environmental 
sustainability. Biomass is one of the resources which can be 
utilised to produce hydrogen in the future. Lignocellulosic biomass 
is abundant and does not compete with the food resources. It is also 
considerably cheaper than crude oil on an energy basis. However, 
the existing technologies to convert lignocellulose into hydrogen 
are still in the nascent stages and require further development to 
improve the efficiency and reduce the cost of production. Table 5 
illustrates the various technologies currently available and their 
advantages and challenges. The energy ratios of the hydrogen 
produced from these processes provide an insight into their 
inherent energy losses. 

One of the most mature technologies is the biomass gasification 
to produce syn-gas. This technology is however very expensive due 
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to high energy requirements and inherent energy losses in biomass 
gasification [192]. Conversion of syn-gas to hydrogen by the WGS 
reaction is another established processes but it also suffers from 
energy losses [193]. The overall energy ratio (ratio of heating value 
of H2 to the heating value of feed) of the conversion of biomass to 
hydrogen by gasification route is between 36% and 73% [21,192]. 
Since these technologies are already advanced from decades of 
research and development, it is unlikely that there will be a 
substantial improvement in the performance of these technologies 
in the coming years. Improvements in the performance can 
however come from new reactor designs such as catalytic 
membrane reactors, which enhance syn-gas conversion by shifting 
the equilibrium of the WGS reaction. The cost of the membranes is 
likely to reduce with advancements in the membrane material and 
production methods. 

Production of bio-oils from fast pyrolysis of biomass is also a 
commercially available technology. Bio-oils have high oxygen and 
water content and are also chemically very unstable- degrading 
with time. Therefore, bio-oils are currently not used as fuels. Most 
of the bio-oils currently produced is utilised in chemicals 
production. Therefore, fast pyrolysis process can be optimised to 
produce more gases and along with the co-product strategy 
described in Fig. 4 these gaseous products can be separated and 
converted to hydrogen. The bio-oil fraction can be subsequently 
separated into the water-soluble and -insoluble fraction. The 
water-soluble fraction can be converted to hydrogen by ATR or 
steam reforming. Fast pyrolysis process is a cheaper technology 
compared to gasification [194], therefore hydrogen production 
costs are also be expected to cheaper. The energy ratio of hydrogen 
produced from fast pyrolysis is also considerably higher than 
gasification technology. 

Finally, hydrogen can also be produced from sugars and sugar 
alcohols obtained from the hydrolysis of cellulose. Efficient 
processes are required to convert cellulosic biomass into sugar 
monomer. As seen from Tables 4 and 5 there are major challenges 
in achieving high efficiency without any environmental issues. 
Some of the recent catalytic routes, using metal catalysts to convert 
cellulose and starches into sugars and sugar alcohols are therefore 
promising in this regard [189,195]. APR of sugars and sugar 
alcohols has attracted a lot of attention recently due to its several 
advantages [174]. The most important advantage is that the 
hydrogen stream contains very low CO concentration which is 
ideal for fuel cell application. However, APR technology is only at 
the research and development stage, and Virent Energy Systems 
Inc. is currently working on commercialising this technology. 

In future, the conversion of biomass to hydrogen will largely 
depend upon many regional factors. These factors include 
availability of excess cultivable landmass, access to suitable 
technologies, and political will and regulations on clean fuel. 
Apart from improving the performance of currently available 
processes, there is also a need to develop more unconventional 
methods for Hz production if the hydrogen economy is to be 
realised in the future. 


Acknowledgement 


The authors acknowledge funding and in-kind support from the 
ARC Centre of Excellence for Functional Nanomaterials, University 
of Queensland, Australia. 


References 


[1] Crane P, Scott DS. Efficiency and carbon dioxide emission analysis of path- 
ways by which methane can provide transportation services. Int J Hydrogen 
Energy 1992;17:543-50. 

[2] Chalk, S, Lightner, V, Miller, CL, Henderson, AD, Kung, H, Alex, A, Hydrogen 
posture plan. Energy, Do: Energy Efficiency and Renewable Energy, 2004. 


3] Ogden, J, Steinbugler, M, Kreutz, T, Hydrogen as a fuel for fuel cell vehicles: A 
technival and economic comparison. Proceedings of the 8" National Hydro- 
gen Association Meeting, Arlington, VA, March 11-13, 1997. 

4] Rostrup-Nielsen JR. Conversion of hydrocarbons and alcohols for fuel cells. 

Phys Chem Chem Phys 2001;3:283-8. 

5] Lin S, Harada M, Suzuki Y, Hatano H. Hydrogen production from coal by 

separating carbon dioxide during gasification. Fuel 2002;81:2079-85. 

6] Poirier MG, Spundzhiev C. Catalytic decomposition of natural gas to hydrogen 

for fuel cell applications. Int J Hydrogen Energy 1997;22:429-33. 

7] Steinberg M. Production of hydrogen and methanol from natural gas with 

reduced CO, emission. Int J Hydrogen Energy 1998;23:419-25. 

8] Shimokawabe M, Arakawa H, Takezawa N. Characterization of copper/zirco- 

nia catalysts prepared by an impregnation method. Appl Catal A 1990;5945- 

58. 

9] Bartley GJJ, Burch R. Support and morphological effects in the synthesis of 

methanol over copper/zinc oxide, copper/zirconia, and copper/silver cata- 

lysts. Appl Catal A 1988;43:141-53. 

10] Chen G, Andries J, Spliethoff H, Fang M, van de Enden PJ. Biomass gasification 
integrated with pyrolysis in a circulating fluidized bed. Solar Energy 
2004;76:345-9. 

11] Taralas G, Kontominas MG. Pyrolysis of solid residues commencing from the 
olive oil food industry for potential hydrogen production. J Anal Appl Pyr- 
olysis 2006;76:109-16. 

12] Cortright RD, Davda RR, Dumesic JA. Hydrogen from catalytic reforming 
of biomass-derived hydrocarbons in liquid water. Nature 2002;418: 
964-7. 

13] Shapouri, H, Duffield, JA, Wang, M, The Energy Balance of Corn: An Update, 
No. 814. Agriculture, USDo: Office of the Chief Economist, 2002. 

14] Wyman CE, Decker SR, Himmel ME, Brady JW, Skopec CE, Viikari L. Hydrolysis 
of cellulose and hemicellulose. In: Dumitriu S, editor. Polysaccharides. 2nd 
Edition, New York: Marcel Dekker; 2005. p. 995-1033. 

15] Klass DL. Biomass for renewable energy, fuels, and chemicals. San Diego: 
Academic Press; 1998. 

16] Perlack, RD, Wright, LL, Turhollow, A, Graham, RL, Stokes, B, Erbach, DC, 
Biomass as feedstock for a bioenergy and bioproducts industry: The technical 
feasibility of a billion-ton annual supply. Report No. DOE/GO-102995-2135, 
Oak Ridge National Laboratory, Oak Ridge, TN, 2005. 

17] Anonymous, Energy information administration annual energy outlook 2005. 
Report. No. DOE/EIA-0383, 2006. 

18] Towler GP, Oroskar AR, Smith SE. Development of a sustainable liquid fuels 
infrastructure based on biomass. Environ Prog 2004;23:334-41. 

19] Lynd LR, Wyman CE, Gerngross TU. Biocommodity engineering. Biotechnol 
Prog 1999;15:777-93. 

20] Huber GW, Dumesic JA. An overview of aqueous-phase catalytic processes for 
production of hydrogen and alkanes in a biorefinery. Catal Today 
2006;111:119-32. 

21] Huber GW, Iborra S, Corma A. Synthesis of transportation fuels from biomass: 
chemistry, catalysts, and engineering. Chem Rev 2006;106:4044-98. 

22] Milne, TA, Abatzoglou, N, Evans, RJ. Biomass gasifier “tars”: their nature, 
formation, and conversion. Report no. NREL/TP-570-25357, National Renew- 
able Energy Laboratory, Golden, Colorado, 1998. 

23] Corella J, Aznar M-P, Gil J, Caballero MA. Biomass gasification in fluidized bed: 
where to locate the dolomite to improve gasification? Energy Fuels 
1999;13:1122-7. 

24] Sutton D, Kelleher B, Ross JRH. Review of literature on catalysts for biomass 
gasification. Fuel Process Technol 2001;73:155-73. 

25] Rapagna S, Jand N, Kiennemann A, Foscolo PU. Steam-gasification of 
biomass in a fluidised-bed of olivine particles. Biomass Bioenergy 2000; 
19:187-97. 

26] Tomishige K, Asadullah M, Kunimori K. Syngas production by biomass 
gasification using Rh/CeO2/SiO2 catalysts and fluidized bed reactor. Catal 
Today 2004;89:389-403. 

27] Baker EG, Mudge LK, Brown MD. Steam gasification of biomass with nickel 
secondary catalysts. Ind Eng Chem Res 1987;26:1335-9. 

28] Farrauto RJ, Bartholomew C. Introduction to Industrial Catalytic Processes. 
London: Chapman and Hall; 1997. 

29] Rostrup-Nielsen JR. Steam Reforming Catalysts: An Investigation of Catalysts 
for Tubular Steam Reforming of Hydrocarbons. Copenhagen: Taknisk Forlag; 
1975. 

30] Raveendran K, Ganesh A, Khilar KC. Influence of mineral matter on biomass 
pyrolysis characteristics. Fuel 1995;74:1812-22. 

31] Dayton, D, Review of the literature on catalytic biomass tar destruction. 
Report No. NREL/TP-510-32815, National Renewable Energy Laboratory, 
Golden, Colorado, 2002. 

32] Wornat MJ, Hurt RH, Yang NYC, Headley TJ. Structural and compositional 
transformations of biomass chars during combustion. Combust Flame 
1995;100:131-43. 

33] Arvelakis S, Koukios EG. Physicochemical upgrading of agroresidues as feed- 
stocks for energy production via thermochemical conversion methods. Bio- 
mass Bioenergy 2002;22:331-48. 

34] Lin S, Harada M, Suzuki Y, Hatano H. Continuous experiment regarding 
hydrogen production by coal/CaO reaction with steam (I) gas products. Fuel 
2004;83:869-74. 

35] Lin S, Harada M, Suzuki Y, Hatano H. Process analysis for hydrogen production 

by reaction integrated novel gasification (HyPr-RING). Energy Convers Man- 

age 2005;46:869-80. 


180 A. Tanksale et al. / Renewable and Sustainable Energy Reviews 14 (2010) 166-182 


36] Lin S, Suzuki Y, Hatano H, Oya M, Harada M. Innovative hydrogen production 
by reaction integrated novel gasification process (HyPr-RING). J S Afr Inst Min 
Metall 2001;101:53-9. 

37] Lin S-Y, Suzuki Y, Hatano H, Harada M. Hydrogen production from hydro- 
carbon by integration of water-Carbon reaction and carbon dioxide removal 
(HyPr-RING method). Energy Fuels 2001;15:339-43. 

38] Lin S-Y, Suzuki Y, Hatano H, Harada M. Developing an innovative method, 
HyPr-RING, to produce hydrogen from hydrocarbons. Energy Convers Man- 
age 2002;43:1283-90. 

39] Rudloff, M, Biomass to Liquids (BTL) from the Carbo-V Process: Technology 

and the Latest Developments. Proceedings of 2"¢ World Biomass Conference, 

Biomass for Energy, Industry and Climate Protection, Rome, Italy, 10-14 May, 

2004, 2004: p.1875. 

Rudloff, M, Operation experiences of carbo-V process for FTD production. 

SYNBIOS- Second Generation Automotive Biofuel Conference, Stockholm, 

Sweden, 18-20 May, 2005. 

41] Santo U, Seifert H, Kolb T, Krebs L, Kuhn D, Wiemer H-J, et al. Conversion of 

biomass based slurry in an entrained flow gasifier. Chem Eng Technol 

2007;30:967-9. 

42] Henrich, E, The status of the FZK concept of biomass gasification. 2"4 

European Summer School on Renewable Motor Fuels, Warsaw, Poland, 29 

- 31 August, 2007: p. 

43] Demirbas A. Hydrogen production from biomass by the gasification process. 

Energy Sources 2002;24:59-68. 

44] Modell M. Gasification and liquefaction of forest products in supercritical 

water. In: Overend RP, Milne TA, Mudge LK, editors. Fundamentals 

of Thermochemical Biomass Conversion. London: Elsevier; 1985. p. 

95-119. 

45] Antal Jr MJ, Mok WSL, Richards GN. Kinetic studies of the reactions of ketoses 

and aldoses in water at high temperature. 1. Mechanism of formation of 5- 

(hydroxymethyl)-2-furaldehyde from D-fructose and sucrose. Carbohydr Res 

1990;199:91-109. 

46] Antal Jr MJ, Mok WSL, Richards GN. Kinetic studies of the reactions of ketoses 

and aldoses in water at high temperature. 2. Four-carbon model compounds 

for the reactions of sugars in water at high temperature. Carbohydr Res 
1990;199:111-5. 

47] Antal Jr MJ, Leesomboon T, Mok WS, Richards GN. Kinetic studies of the 

reactions of ketoses and aldoses in water at high temperature. 3. Mechanism 

of formation of 2-furaldehyde from D-xylose. Carbohydr Res 1991;217: 

71-85. 

48] Holgate HR, Meyer JC, Tester JW. Glucose hydrolysis and oxidation in super- 

critical water. AIChE J 1995;41:637-48. 

Kabyemela BM, Adschiri T, Malaluan RM, Arai K, Ohzeki H. Rapid and 

selective conversion of glucose to erythrose in supercritical water. Ind Eng 

Chem Res 1997;36:5063-7. 

50] Kabyemela BM, Adschiri T, Malaluan R, Arai K. Degradation kinetics of 
dihydroxyacetone and glyceraldehyde in subcritical and supercritical water. 
Ind Eng Chem Res 1997;36:2025-30. 

51] Kabyemela BM, Adschiri T, Malaluan RM, Arai K. Kinetics of glucose epimer- 
ization and decomposition in subcritical and supercritical water. Ind Eng 
Chem Res 1997;36:1552-8. 

52] Sasaki M, Kabyemela B, Malaluan R, Hirose S, Takeda N, Adschiri T, et al. 
Cellulose hydrolysis in subcritical and supercritical water. J Supercrit Fluids 
1998;13:261-8. 

53] Kabyemela BM, Takigawa M, Adschiri T, Malaluan RM, Arai K. Mechanism and 
kinetics of cellobiose decomposition in sub- and supercritical water. Ind Eng 
Chem Res 1998;37:357-61. 

54] Antal MJ. In: Boer KW, Duffie JA, editors. Solar energy. New York: Plenum 
Press; 1982. p. 61. 

55] Manarungson S, Mok WSL, Antal MJ. Hydrogen production by steam reform- 
ing glucose in supercritical water. In: Bridgwater AV, editor. Advances in 
thermochemical biomass conversion. London: Blackie Academic & Profes- 
sional; 1993. p. 1367-77. 

56] Xu X, Matsumura Y, Stenberg J, Antal Jr MJ. Carbon-catalyzed gasification of 
organic feedstocks in supercritical water. Ind Eng Chem Res 1996;35:2522- 
30. 

57] Sealock, LJ, Jr., Elliott, DC, Catalytic conversion of lignocellulosic materials 
to fuel gases. Battelle Memorial Institute, United States: US 5 019 135, 
1991. 

58] Elliott, DC, Sealock, JL, Nickel/ruthenium catalyst and method for aqueous 
phase reactions. Battelle Memorial Institute, USA, United States: US 5 814 
112, 1998. 

59] Elliott DC, Baker EG, Butner RS, Sealock Jr LJ. Bench-scale reactor tests of low 
temperature, catalytic gasification of wet industrial wastes. J Solar Energy 
Eng 1993;115:52-6. 

60] Matsumura Y, MinowaT, Potic B, Kersten SRA, Prins W, van Swaaij WPM, et al. 
Biomass gasification in near- and supercritical water: Status and prospects. 
Biomass Bioenergy 2005;29:269-92. 

61] Elliott, DC, Werpy, TA, Wang, Y, Frye, JGJ, Ruthenium on rutile catalyst, 
catalytic system, and method for aqueous phase hydrogenations. Battelle 
Memorial Institute, United States: US Patent 6 235 797, 2001. 

62] Kruse A, Meier D, Rimbrecht P, Schacht M. Gasification of pyrocatechol in 
supercritical water in the presence of potassium hydroxide. Ind Eng Chem 
Res 2000;39:4842-8. 

63] Minowa T, Zhen F, Ogi T. Cellulose decomposition in hot-compressed water 
with alkali or nickel catalyst. J Supercrit Fluids 1998;13:253-9. 


40 


49 


[64] Minowa T, Fang Z, Ogi T, Varhegyi G. Decomposition of cellulose and glucose 
in hot-compressed water under catalyst-free conditions. J Chem Eng Jpn 
1998;31:131-4. 

[65] Minowa T, Ogi T, Yokoyama S-y. Hydrogen production from wet cellulose by 
low temperature gasification using a reduced nickel catalyst. Chem Lett 
1995;24:937-8. 

[66] Minowa T, Zhen F, Ogi T, Varhegyi G. Liquefaction of cellulose in hot 
compressed water using sodium carbonate: products distribution at different 
reaction temperatures. J Chem Eng Jpn 1997;30:186-90. 

[67] Minowa T, Fang Z. Hydrogen production from cellulose in hot compressed 
water using reduced nickel catalyst: product distribution at different reaction 
temperatures. J Chem Eng Jpn 1998;31:488-91. 

[68] Antal MJ, Allen SG, Schulman D, Xu X, Divilio RJ. Biomass gasification in 
supercritical water. Ind Eng Chem Res 2000;39:4040-53. 

[69] Matsumura Y, Xu X, Antal Jr MJ. Gasification characteristics of an activated 
carbon in supercritical water. Carbon 1997;35:819-24. 

[70] Elliott DC, Sealock JL. Aqueous catalyst systems for the water-gas shift 
reaction. 1. Comparative catalyst studies. Ind Eng Chem Res Dev 1983; 
22:426-31. 

[71] Watanabe M, Inormata H, Arai K. Catalytic hydrogen generation from bio- 
mass (glucose and cellulose) with ZrO, in supercritical water. Biomass 
Bioenergy 2002;22:405-10. 

[72] Watanabe M, Inormata H, Osada M, Sato T, Adschiri T, Arai K. Catalytic effects 
of NaOH and ZrO, for partial oxidative gasification of n-hexadecane and 
lignin in supercritical water. Fuel 2003;82:545-52. 

[73] Barbier Jr J, Duprez D. Steam effects in three-way catalysis. Appl Catal B 
1994;4:105-40. 

[74] Jacobs G, Ricote S, Patterson PM, Graham UM, Dozier A, Khalid S, et al. Low 
temperature water-gas shift: Examining the efficiency of Au as a promoter for 
ceria-based catalysts prepared by CVD of a Au precursor. Appl Catal A 
2005;292:229-43. 

[75] Herz RK, Sell JA. Dynamic behavior of automotive catalysts. III. Transient 
enhancement of water-gas shift over rhodium. J Catal 1985;94:166-74. 

[76] Trovarelli A. Catalytic properties of ceria and CeO2-containing materials. 
Catal Rev - Sci Eng 1996;38:439-520. 

[77] Schlatter JC, Mitchell PJ. Three-way catalyst response to transients. Ind Eng 
Chem Prod Res Dev 1980;19:288-93. 

[78] Ricote S, Jacobs G, Milling M, Ji Y, Patterson PM, Davis BH. Low temperature 
water-gas shift: Characterization and testing of binary mixed oxides of ceria 
and zirconia promoted with Pt. Appl Catal A 2006;303:35-47. 

[79] Liu X, Ruettinger W, Xu X, Farrauto R. Deactivation of Pt/CeO2 water-gas shift 
catalysts due to shutdown/startup modes for fuel cell applications. Appl Catal 
B 2005;56:69-75. 

[80] Twigg MV. Catalyst handbook. London: Wolfe Scientific; 1989. 

[81] Lei Y, Cant NW, Trimm DL. Activity patterns for the water gas shift reaction 
over supported precious metal catalysts. Catal Lett 2005;103:133-6. 

[82] Lei Y, Cant NW, Trimm DL. The origin of rhodium promotion of Fe304-Cr203 
catalysts for the high-temperature water-gas shift reaction. J Catal 
2006;239:227-36. 

[83] Rhodes C, Hutchings GJ. Studies of the role of the copper promoter in the iron 
oxide/chromia high temperature water gas shift catalyst. Phys Chem Chem 
Phys 2003;5:2719-23. 

[84] Rhodes C, Peter Williams B, King F, Hutchings GJ. Promotion of Fe30,4/Cr203 
high temperature water gas shift catalyst. Catal Commun 2002;3:381-4. 

[85] Tavares de Souza JM, Rangel MdC. Aluminum-doped catalysts for the 
high temperature water gas shift reaction. React Kinet Catal Lett 2002;77: 
29-34. 

[86] Natesakhawat S, Wang X, Zhang L, Ozkan US. Development of chromium-free 
iron-based catalysts for high-temperature water-gas shift reaction. J Mol 
Catal A Chem 2006;260:82-94. 

[87] Zhang R, Brown RC, Suby A. Thermochemical generation of hydrogen from 
switchgrass. Energy Fuels 2004;18:251-6. 

[88] Zhang R, Cummer K, Suby A, Brown RC. Biomass-derived hydrogen from an 
air-blown gasifier. Fuel Process Technol 2005;86:861-74. 

[89] Cheng X, Shi Z, Glass N, Zhang L, Zhang J, Song D, et al. A review of PEM 
hydrogen fuel cell contamination: Impacts, mechanisms, and mitigation. J 
Power Sources 2007;165:739-56. 

[90] Lee SH, Han J, Lee K-Y. Development of PROX (preferential oxidation of CO) 
system for 1 kWe PEMFC. Korean J Chem Eng 2002;19:431-3. 

[91] Sapountzi FM, Tsampas MN, Vayenas CG. Methanol reformate treatment in a 
PEM fuel cell-reactor. Catal Today 2007;127:295-303. 

[92] Farrauto R, Hwang S, Shore L, Ruettinger W, Lampert J, Giroux T, et al. New 
material needs for hydrocarbon fuel processing: Generating hydrogen for the 
PEM fuel cell. Annu Rev Mater Res 2003;33:1-27. 

[93] Kim WB, Voitl T, Rodriguez-Rivera GJ, Evans ST, Dumesic JA. Preferential 
oxidation of CO in H2 by aqueous polyoxometalates over metal catalysts. 
Angew Chem Int Ed 2005;44:778-82. 

[94] Navarro RM, Pena MA, Fierro JLG. Hydrogen production reactions from 
carbon feedstocks: Fossil fuels and biomass. Chem Rev (Washington DC 
US) 2007;107:3952-91. 

[95] Moretti E, Storaro L, Talon A, Patrono P, Pinzari F, Montanari T, et al. Pre- 
ferential CO oxidation (CO-PROX) over CuO-ZnO/TiO, catalysts. Appl Catal A 
2008;344:165-74. 

[96] Tanaka H, Kuriyama M, Ishida Y, Ito S-i, Kubota T, Miyao T, et al. Preferential 
CO oxidation in hydrogen-rich stream over Pt catalysts modified with alkali 
metals. Appl Catal A 2008;343:125-33. 


A. Tanksale et al./ Renewable and Sustainable Energy Reviews 14 (2010) 166-182 181 


[97] Tanaka H, Kuriyama M, Ishida Y, Ito S-i, Tomishige K, Kunimori K. Preferential 
CO oxidation in hydrogen-rich stream over Pt catalysts modified with alkali 
metals. Appl Catal A 2008;343:117-24. 

[98] Quinet E, Morfin F, Diehl F, Avenier P, Caps V, Rousset J-L. Hydrogen effect on 
the preferential oxidation of carbon monoxide over alumina-supported gold 
nanoparticles. Appl Catal B 2008;80:195-201. 

[99] Chen X, Zou H, Chen S, Dong X, Lin W. Selective oxidation of CO in excess H2 
over Ru/Al2,03 catalysts modified with metal oxide. J Nat Gas Chem 
2007;16:409-14. 

[100] Yu W-Y, Lee W-S, Yang C-P, Wan B-Z. Low-temperature preferential oxida- 
tion of CO in a hydrogen rich stream (PROX) over Au/TiO2: thermodynamic 
study and effect of gold-colloid pH adjustment time on catalytic activity. J 
Chin Inst Chem Eng 2007;38:151-60. 

[101] Uysal G, Akin AN, Oensan ZI, Yildirim R. Preferential CO oxidation over Pt- 
SnO/Al,03 in hydrogen rich streams containing CO, and H20 (CO removal 
from Hz with PROX). Catal Lett 2006;111:173-6. 

[102] Martinez-Arias A, Hungria AB, Fernandez-Garcia M, Conesa JC, Munuera G. 
Preferential oxidation of CO in a H2-rich stream over CuO/CeO2 and CuO/ 
(Ce,M)Ox (M = Zr, Tb) catalysts. J Power Sources 2005;151:32-42. 

[103] Rosso I, Antonini M, Galletti C, Saracco G, Specchia V. Selective CO oxidation 
over Ru-based catalysts in H2-rich gas for fuel cell applications. Top Catal 
2004;30/31:475-80. 

[104] Ayastuy JL, Gonzalez-Marcos MP, Gonzalez-Velasco JR, Gutierrez-Ortiz MA. 
MnOx/Pt/Al203 catalysts for CO oxidation in H2-rich streams. Appl Catal B 
2007;70:532-41. 

[105] Kotobuki M, Watanabe A, Uchida H, Yamashita H, Watanabe M. Reaction 
mechanism of preferential oxidation of carbon monoxide on Pt, Fe, and Pt-Fe/ 
mordenite catalysts. J Catal 2005;236:262-9. 

[106] Sirijaruphan A, Goodwin JG, Rice RW. Effect of Fe promotion on the surface 
reaction parameters of Pt/g-Al,03 for the selective oxidation of CO. J Catal 
2004;224:304-13. 

[107] Minemura Y, Ito S-i, Miyao T, Naito S, Tomishige K, Kunimori K. Preferential 
CO oxidation promoted by the presence of H2 over K-Pt/Al203. Chem Com- 
mun 2005;1429-31. 

[108] Minemura Y, Kuriyama M, Ito S-I, Tomishige K, Kunimori K. Additive effect of 
alkali metal ions on preferential CO oxidation over Pt/Al203. Catal Commun 
2006;7:623-6. 

[109] Kuriyama M, Tanaka H, Ito S-I, Kubota T, Miyao T, Naito S, et al. Promoting 
mechanism of potassium in preferential CO oxidation on Pt/Al,03. J Catal 
2007;252:39-48. 

[110] Iyoha O, Enick R, Killmeyer R, Howard B, Morreale B, Ciocco M. Wall- 
catalyzed water-gas shift reaction in multi-tubular Pd and 80wt%Pd- 
20wt%Cu membrane reactors at 1173 K. J Membr Sci 2007;298:14-23. 

[111] Kikuchi E, Uemiya S, Sato N, Inoue H, Ando H, Matsuda T. Membrane reactor 

using a microporous glass-supported thin film of palladium. Part I. Applica- 

tion to the water gas shift reaction. Chem Lett 1989;489-92. 

[112] Uemiya S, Sato N, Ando H, Kikuchi E. The water gas shift reaction assisted by a 

palladium membrane reactor. Ind Eng Chem Res 1991;30:585-9. 

[113] Grashoff GJ, Pilkington CE, Corti CW. The purification of hydrogen. A review of 

the technology emphasizing the current status of palladium membrane 

diffusion. Platinum Met Rev 1983;27:157-69. 

[114] Basile A, Criscuoli A, Santella F, Drioli E. Membrane reactor for water gas shift 

reaction. Gas Sep Purif 1996;10:243-54. 

[115] Basile A, Drioli E, Santella F, Violante V, Capannelli G, Vitulli G. A study on 

catalytic membrane reactors for water gas shift reaction. Gas Sep Purif 

1996;10:53-61. 

[116] Battersby S, Duke MC, Liu S, Rudolph V, Diniz da Costa JC. Metal doped silica 

membrane reactor: Operational effects of reaction and permeation for the 

water gas shift reaction. J Membr Sci 2008;316:46-52. 

[117] Giessler S, Jordan L, Diniz da Costa JC, Lu GQ. Performance of hydrophobic and 

hydrophilic silica membrane reactors for the water gas shift reaction. Sep 

Purif Technol 2003;32:255-64. 

[118] Brunetti A, Barbieri G, Drioli E, Lee KH, Sea B, Lee DW. Water gas shift reaction 

in a membrane reactor using a porous stainless steel supported silica 

membrane. Chem Eng Process 2007;46:119-26. 

[119] Criscuoli A, Basile A, Drioli E, Loiacono O. An economic feasibility study for 

water gas shift membrane reactor. J Membr Sci 2001;181:21-7. 

[120] Kim WB, Voitl T, Rodriguez-Rivera GJ, Dumesic JA. Powering fuel cells with 

CO via aqueous polyoxometalates and gold catalysts. Science 2004; 

305:1280-3. 

[121] Kim WB, Rodriguez-Rivera GJ, Evans ST, Voitl T, Einspahr JJ, Voyles PM, et al. 

Catalytic oxidation of CO by aqueous polyoxometalates on carbon-supported 

gold nanoparticles. J Catal 2005;235:327-32. 

[122] Demirbas A. Relationships between carbonization temperature and pyrolysis 

products from biomass. Energy Explor Exploit 2004;22:411-9. 

[123] Demirbas A, Arin G. Hydrogen from Biomass via Pyrolysis: Relationships 

between Yield of Hydrogen and Temperature. Energy Sources 2004;26: 

1061-9. 

[124] Demirbas A. Yields of hydrogen-rich gaseous products via pyrolysis from 

selected biomass samples. Fuel 2001;80:1885-91. 

[125] Bridgwater AV, Peacocke GVC. Fast pyrolysis processes for biomass. Renew 

Sustain Energy Rev 2000;4:1-73. 

[126] Mohan D, Pittman Jr CU, Steele PH. Pyrolysis of wood/biomass for bio-oil: A 

critical review. Energy Fuels 2006;20:848-89. 

[127] Sinha S, Jhalani A, Ravi MR, Ray A. Modelling of pyrolysis in wood: A review. J 
Solar Energy Soc India (SESI) 2000;10:41-62. 


[128] Czernik S, Bridgwater AV. Applications of biomass fast pyrolysis oil. Energy 
Fuels 2004;18:590-8. 

[129] Evans, R, Boyd, L, Elam, C, Czernik, S, French, R, Feik, C, et al., Hydrogen from 
biomass - catalytic reforming of pyrolysis vapors. FY 2003 Progress Report, 
National Renewable Energy Laboratory, Golden, CO, 2003. 

[130] Vagia EC, Lemonidou AA. Thermodynamic analysis of hydrogen production 
via autothermal steam reforming of selected components of aqueous bio-oil 
fraction. Int J Hydrogen Energy 2008;33:2489-500. 

[131] Zabaniotou A, Ioannidou O, Antonakou E, Lappas A. Experimental study of 
pyrolysis for potential energy, hydrogen and carbon material production 
from lignocellulosic biomass. Int J Hydrogen Energy 2008;33:2433-44. 

[132] Balat M. Hydrogen-Rich Gas Production from Biomass via Pyrolysis and 
Gasification Processes and Effects of Catalyst on Hydrogen Yield. Energy 
Sources A Recov Utilization Environ Effects 2008;30:552-64. 

[133] Czernik S, Evans R, French R. Hydrogen from biomass - production by steam 
reforming of biomass pyrolysis oil. Catal Today 2007;129:265-8. 

[134] lojoiu EE, Domine ME, Davidian T, Guilhaume N, Mirodatos C. Hydrogen 
production by sequential cracking of biomass-derived pyrolysis oil over 
noble metal catalysts supported on ceria-zirconia. Appl Catal A 2007; 
323:147-61. 

[135] Davidian T, Guilhaume N, Iojoiu E, Provendier H, Mirodatos C. Hydrogen 
production from crude pyrolysis oil by a sequential catalytic process. Appl 
Catal B 2007;73:116-27. 

[136] Becidan M, Skreiberg O, Hustad JE. Products distribution and gas release in 
pyrolysis of thermally thick biomass residues samples. J Anal Appl Pyrolysis 
2007;78:207-13. 

[137] Lee DH, Yang H, Yan R, Liang DT. Prediction of gaseous products from biomass 
pyrolysis through combined kinetic and thermodynamic simulations. Fuel 
2006;86:410-7. 

[138] Demirbas MF. Hydrogen from various biomass species via pyrolysis and 
steam gasification processes. Energy Sources A Recov Utilization Environ 
Effects 2006;28:245-52. 

[139] Arni S. Hydrogen-rich gas production from biomass via thermochemical 
pathways. Energy Educ Sci Technol 2004;13:47-54. 

[140] Iwasaki W. A consideration of the economic efficiency of hydrogen produc- 
tion from biomass. Int J Hydrogen Energy 2003;28:939-44. 

[141] Czernik S, French R, Feik C, Chornet E. Hydrogen by catalytic steam reforming 
of liquid byproducts from biomass thermoconversion processes. Ind Eng 
Chem Res 2002;41:4209-15. 

[142] Demirbas A. Gaseous products from biomass by pyrolysis and gasification: 
effects of catalyst on hydrogen yield. Energy Convers Manage 2002;43:897- 
909. 

[143] Garcia L, French R, Czernik S, Chornet E. Catalytic steam reforming of bio-oils 
for the production of hydrogen: effects of catalyst composition. Appl Catal A 
2000;201:225-39. 

[144] Bridgwater AV, Meier D, Radlein D. An overview of fast pyrolysis of biomass. 
Org Geochem 1999;30:1479-93. 

[145] Chen G, Andries J, Spliethoff H. Catalytic pyrolysis of biomass for hydrogen 
rich fuel gas production. Energy Convers Manage 2003;44:2289-96. 

[146] Garcia L, Salvador ML, Arauzo J, Bilbao R. Catalytic pyrolysis of biomass: 
influence of the catalyst pretreatment on gas yields. J Anal Appl Pyrolysis 
2001;58-59:491-501. 

[147] Wang D, Czernik S, Chornet E. Production of hydrogen from biomass by 
catalytic steam reforming of fast pyrolysis oils. Energy Fuels 1998;12: 
19-24. 

[148] Wang D, Czernik S, Montane D, Mann M, Chornet E. Biomass to hydrogen via 
fast pyrolysis and catalytic steam re-forming of the pyrolysis oil or its 
fractions. Ind Eng Chem Res 1997;36:1507-18. 

[149] Hagh BF. Stoichiometric analysis of autothermal fuel processing. J Power 
Sources 2004;130:85-94. 

[150] Aiello R, Fiscus JE, zur Loye HC, Amiridis MD. Hydrogen production via the 
direct cracking of methane over Ni/SiO2: catalyst deactivation and regenera- 
tion. Appl Catal A 2000;192:227-34. 

[151] Choudhary TV, Sivadinarayana C, Chusuei CC, Klinghoffer A, Goodman DW. 
Hydrogen production via catalytic decomposition of methane. J Catal 
2001;199:9-18. 

[152] Choudhary TV, Goodman DW. CO-free production of hydrogen via stepwise 
steam reforming of methane. J Catal 2000;192:316-21. 

[153] Torget RW, Kim JS, Lee YY. Fundamental aspects of dilute acid hydrolysis/ 
fractionation kinetics of hardwood carbohydrates. 1. Cellulose hydrolysis. 
Ind Eng Chem Res 2000;39:2817-25. 

[154] Karimi K, Kheradmandinia S, Taherzadeh MJ. Conversion of rice straw to 
sugars by dilute-acid hydrolysis. Biomass Bioenergy 2006;30:247-53. 

[155] Bobleter O. Hydrothermal degradation of polymers derived from plants. Prog 
Polym Sci 1994;19:797-841. 

[156] Goldstein IS. Organic chemicals from biomass. Boca Raton, FL: CRC Press; 
1981, p 9-19. 

[157] Coughlan MP. Enzymic hydrolysis of cellulose: an overview. Bioresour Tech- 
nol 1991;39:107-15. 

[158] Sun Y, Cheng J. Hydrolysis of lignocellulosic materials for ethanol production: 
a review. Bioresour Technol 2002;83:1-11. 

[159] Yu Y, Lou X, Wu H. Some recent advances in hydrolysis of biomass in hot- 
compressed water and its comparisons with other hydrolysis methods. 
Energy Fuels 2008;22:46-60. 

[160] Fan, LT, Gharpuray, MM, Lee, YH, Cellulose hydrolysis. Biotechnology mono- 
graphs. Volume 3. From review by Zbigniew J. Witczak, A.E. Staley Manu- 


182 


163 


164 


165 


166 


167 


168 


169 


170] 


171 


172 


173 


174 


175 


176 


177 


178 


A. Tanksale et al. / Renewable and Sustainable Energy Reviews 14 (2010) 166-182 


facturing Co., in J. Am. Chem. Soc., Vol. 110, No. 11 (1988). New York, NY, 
United States: Springer-Verlag; 1987. 

Mok WS, Antal Jr MJ, Varhegyi G. Productive and parasitic pathways in dilute 
acid-catalyzed hydrolysis of cellulose. Ind Eng Chem Res 1992;31:94-100. 
Converse AO. Simulation of a cross-flow shrinking-bed reactor for the 
hydrolysis of lignocellulosics. Bioresour Technol 2002;81:109-16. 

Lee YY, Wu Z, Torget RW. Modeling of countercurrent shrinking-bed reactor 
in dilute-acid total-hydrolysis of lignocellulosic biomass. Bioresour Technol 
1999;71:29-39. 

Kim Kyoung H, Tucker M, Nguyen Q. Conversion of bark-rich biomass 
mixture into fermentable sugar by two-stage dilute acid-catalyzed hydro- 
lysis. Bioresour Technol 2005;96:1249-55. 

Camacho F, Gonzalez-Tello P, Jurado E, Robles A. Microcrystalline-cellulose 
hydrolysis with concentrated sulfuric acid. J Chem Technol Biotechnol 
1996;67:350-6. 

Knill CJ, Kennedy JF. Degradation of cellulose under alkaline conditions. 
Carbohydr Polym 2002;51:281-300. 

Dan DC, Jaeopian V, Kasulke K, Phillip B. Effect of swelling and mercerization 
on the enzymic degradation of linters cellulose. Acta Polym 1980;31:388-93. 
Davidson GF. The effect of alkalies on the molecular chain length of chemi- 
cally modified cotton celluloses, as shown by fluidity measurements on the 
derived nitrocelluloses. J Textile Inst 1938;29:T195-218. 

Nevell TP. Degradation of cellulose by acids, alkalis, and mechanical means. 
Cellulose chemistry and its applications. Chichester: Ellis Horwood; 1985. 

Hamelinck CN, Van Hooijdonk G, Faaij APC. Ethanol from lignocellulosic 
biomass: techno-economic performance in short-, middle- and long-term. 
Biomass Bioenergy 2005;28:384-410. 

Antal, MJ, Jr., Manarungson, S, Mok, WS-L. Hydrogen production by steam 
reforming glucose in supercritical water. Adv. Thermochem. Biomass Con- 
vers., [Ed. Rev. Pap. Int. Conf.], 3rd; 1994; 2:1367-77. 

Huber GW, Shabaker JW, Evans ST, Dumesic JA. Aqueous-phase reforming of 
ethylene glycol over supported Pt and Pd bimetallic catalysts. Appl Catal B 
2006;62:226-35. 

Shabaker JW, Simonetti DA, Cortright RD, Dumesic JA. Sn-modified Ni 
catalysts for aqueous-phase reforming: Characterization and deactivation 
studies. J Catal 2005;231:67-76. 

Davda RR, Shabaker JW, Huber GW, Cortright RD, Dumesic JA. A review of 
catalytic issues and process conditions for renewable hydrogen and alkanes 
by aqueous-phase reforming of oxygenated hydrocarbons over supported 
metal catalysts. Appl Catal B 2005;56:171-86. 

Davda RR, Dumesic JA. Renewable hydrogen by aqueous-phase reforming of 
glucose. Chem Commun (Cambridge UK) 2004;36-7. 

Davda RR, Dumesic JA. Catalytic reforming of oxygenated hydrocarbons for 
hydrogen with low levels of carbon monoxide. Angew Chem Int Ed 
2003;42:4068-71. 

Huber GW, Shabaker JW, Dumesic JA. Raney Ni-Sn catalyst for H2 production 
from biomass-derived hydrocarbons. Science 2003;300:2075-8. 

Davda RR, Shabaker JW, Huber GW, Cortright RD, Dumesic JA. Aqueous-phase 
reforming of ethylene glycol on silica-supported metal catalysts. Appl Catal B 
2003;43:13-26. 


[179] 


[180] 


[181 


[182 
[183 
[184 


[185 


[186 


[187 


[188 


[189 


[190] 


[191 


[192 


[193 


[194 


[195 


Shabaker JW, Davda RR, Huber GW, Cortright RD, Dumesic JA. Aqueous-phase 
reforming of methanol and ethylene glycol over alumina-supported plati- 
num catalysts. J Catal 2003;215:344-52. 

Shabaker JW, Huber GW, Davda RR, Cortright RD, Dumesic JA. Aqueous-phase 
reforming of ethylene glycol over supported platinum catalysts. Catal Lett 
2003;88:1-8. 

Tanksale A, Beltramini JN, Dumesic JA, Lu GQ. Effect of Pt and Pd promoter on 
Ni supported catalysts - A TPR/TPO/TPD and microcalorimetry study. J Catal 
2008;258:366-77. 

Shabaker JW, Huber GW, Dumesic JA. Aqueous-phase reforming of oxyge- 
nated hydrocarbons over Sn-modified Ni catalysts. J Catal 2004;222:180-91. 
Butner RS, Elliott DC, Sealock Jr LJ. Development of water-slurry gasification 
systems for high-moisture biomass. Energy Biomass Wastes 1985;9:523-40. 
Minowa T, Ogi T. Hydrogen production from cellulose using a reduced nickel 
catalyst. Catal Today 1998;45:411-6. 

Tanksale A, Wong Y, Beltramini JN, Lu GQ. Hydrogen generation from liquid 
phase catalytic reforming of sugar solutions using metal-supported catalysts. 
Int J Hydrogen Energy 2007;32:717-24. 

Tanksale A, Wong Y, Beltramini JN, Lu GQ. Effect of promoter on mesoporous 
supports for increased H, production from sugar reforming. In: Proceedings 
of the international conference on Nanoscience and Nanotechnology; 2006 
July 3-7.p. 540. 

Tanksale A, Beltramini JN, Lu GQ. Reaction mechanisms for renewable 
hydrogen from liquid phase reforming of sugar compounds. Dev Chem 
Eng Miner Process 2006;14:9-18. 

Tanksale, A, Chunhui, HZ, Beltramini, JN, Lu, GQ, Hydrogen Production by 
Aqueous Phase Reforming of Sorbitol Using Bimetallic Ni-Pt Catalysts: Metal 
Support Interaction. J. Inclusion Phenom. Macrocyclic Chem., 2009; in press, 
doi:10.1007/s10847-009-9618-6. 

Fukuoka A, Dhepe PL. Catalytic conversion of cellulose into sugar alcohols. 
Angew Chem Int Ed 2006;45:5161-3. 

Gursahani KI, Alcala R, Cortright RD, Dumesic JA. Reaction kinetics measure- 
ments and analysis of reaction pathways for conversions of acetic acid, 
ethanol, and ethyl acetate over silica-supported Pt. Appl Catal A 2001; 
222:369-92. 

Flego C, Carati A, Perego C. Methanol interaction with mesoporous silica- 
aluminas. Micropor Mesopor Mater 2001;44-45:733-44. 

Prins MJ, Ptasinski KJ, Janssen FJJG. Exergetic optimisation of a production 
process of Fischer-Tropsch fuels from biomass. Fuel Process Technol 
2005;86:375-89. 

Spath, PL, Dayton, DC, Preliminary Screening —Technical and Economic 
Assessment of Synthesis Gas to Fuels and Chemicals with Emphasis on 
the Potential for Biomass-Derived Syngas. NREL/TP-510-34929, National 
Renewable Energy Laboratory, Golden, CO, 2003. 

Elliott DC, Baker EG, Beckman D, Solantausta Y, Tolenhiemo V, Gevert SB, 
et al. Technoeconomic assessment of direct biomass liquefaction to trans- 
portation fuels. Biomass 1990;22:251-69. 

Dhepe PL, Ohashi M, Inagaki S, Ichikawa M, Fukuoka A. Hydrolysis of sugars 
catalyzed by water-tolerant sulfonated mesoporous silicas. Catal Lett 
2005;102:163-9. 


